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1.  INTRODUCTION 


Progress  during  the  second  half-year  (January  through  Jyfie,  1977) 

under  Contract  No.  NOO 123 -76 -C - 132  1 is  reported  here.^The  report 

is  divided  into  four  sections  covering  coating  materials  and  deposition, 

coating  structure,  orientation,  and  growth  rates,  coating  properties 

(refractive  indices  and  absorption  coefficients),  and  future  plans.  ' 
h.nfcM/iCj  S j i>^  1 ^ r j Ir-ia  ^ 

2.  COATING  MATERIALS  AND  DEPOSITION 

Successful  deposition  of  thin  film  coatings  requires  careful  control  of 
the  evaporation  technique  and  the  associated  parameters.  Currently, 
thermal  evaporation  in  a high  vacuum  is  the  technique  that  is  most  fre- 
quently used  to  deposit  film  coatings.  Thermal  evaporation  in  a high 
vacuum  has  been  extensively  developed,  and  two  of  the  most  common 
modes  of  evaporation  are  resistance  heating  and  e n-beam  heating. 

Both  modes  of  evaporation  are  widely  used,  and  it  latively  easy  to 

produce  good  optical  coatings.  In  spite  of  this  favorable  aspect,  results 
of  investigations  of  the  properties  of  evaporated  films  have  not  always 
shown  the  expected  consistency.  The  cause  of  these  discrepancies 
probably  does  not  lie  in  the  method  of  evaporation  itself,  but  rather  in 
the  lack  of  control  of  the  many  experimental  parameters. 


The  quality  of  the  optical  coating  materials  depends  on  the  purity  of  the 
starting  materials  and  the  method  of  preparation.  Since  impurities  can 
increase  optical  absorption  as  well  as  initiate  a variety  of  macroscopic 
or  structural  defects,  commercial  materials  of  highest  purity  must  be 
used.  The  purity  is  frequently  given  in  percentage  of  the  main  material, 


up  to  99.9999%;  the  remainder  consisting  of  unknown  impurities.  A1 
though  this  number  indicates  ultrapure  material,  it  still  contains  a 

great  number  of  impurity  atoms  per  cubic  centimeter.  It  is,  therefore, 
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necessary  to  know  the  kind  and  concentration  of  all  impurities.  A 
variety  of  methods  exist  for  the  detection  and  determination  of  impurity 
concentration.  The  most  important  are  x-ray,  optical  absorption,  and 
mass  spectroscopy.  Knowing  the  impurities  present,  it  is  essential  to 
determine  which  ones  actually  influence  the  respective  properties. 

These  impurities  must  be  removed  or  at  least  reduced  in  concentration. 
Coating  materials  of  desired  purity  are  only  available  when  a material 
has  attained  broad  application.  In  most  cases,  it  has  to  be  purified; 
this  is  quite  an  involved  operation.  Drying  is  very  essential  if  the 
material  is  contaminated  by  water  in  any  form.  The  effects  of  absorbed 
moisture  are  so  pronounced  that  they  completely  mask  the  normal  aging 
and  the  basic  loss  mechanism.  Adsorbed  or  trapped  water  or  hydroxyl 
ions  can  be  eliminated  by  drying  under  vacuum  and  slowly  increasing 
the  temperature  to  the  level  at  which  the  loosely  bound  water  is  removed 
by  diffusion  and  evaporation.  True  oxide  or  hydroxide  compounds  in 


solid  form  are  not  removable  by  this  means,  but  require  chemical  reac- 
1 tion  in  some  form,  (i.  e.  , scavenging  by  a reactive  atmosphere). 

Coating  materials  employed  in  the  program  are  listed  and  identified  as 
to  source  and  nominal  purity  in  Table  1.  In  all  cases,  these  materials 
represent  the  highest  purity  commercially  available.  No  attempt  was 
made  to  further  purify  any  of  these  materials.  All  were  subjected  to 
x-ray  diffraction  analysis  to  determine  phase  composition  and  identify 
impurities.  Results  were  reported  in  the  first  quarterly  report  (Sep- 
tember, 1976),  for  all  materials  except  Lanthanum  Fluoride  and  Silicon 
Monoxide.  Results  for  LaF^  are  presented  in  Table  2.  In  this  table, 
the  first  column  identifies  the  material  and  phase  determinable  from  the 
diffraction  line.  The  second  column,  headed  "Card  Ref.  ''  refers  to  the 
ASTM  Powder  Diffraction  File  Card  on  which  the  data  for  the  material 
or  phase  in  question  are  tabulated.  The  columns  headed  "Obs.  d(A)” 
and  "Obs.  interplanar  spacing  in  A and  relative  intensity 


TABLE  1. 


COATING  MATERIALS 


f 


Al^  0^  Random  Chunks  of  UV-Grade  Sapphire,  Union  Carbide 

Corporation,  San  Diego,  Calif. 

La  Hot-Pressed  Tablets,  99*9%  Purity,  Balzers  High 

Vacuum  Corp. , Santa,  Ana,  Calif. 

Mg  Fused  Granules,  99-99%  Purity,  Balzers  High  Vacuum 

Corp. , Santa  Ana,  Calif. 

Mg  O Hot-Pressed  Tablets,  99.95%  Purity,  Balzers  High 

Vacuum  Corp. , Santa  Ana,  Calif. 

Pb  F^  Fused  Granules,  9,9.99%  Purity,  Balzers  High  Vacuum 

Corp. , Santa.  Ana,  Calif. 

Si  O Linde  Select  Grade,  R.  D.  Mathis  Company,  Long  Beach, 

California. 

Sr  F^  Random  Chunks,  Optical  Grade,  EMCO  Sales,  J^naheim, 

California. 

Th  F^  Fused  Granules,  99.9%  Purity,  CERAC,  Milwaukee, 

Wisconsin. 

Th  F^  Fused  Granules,  99-9%  Purity,  Balzers,  High  Vacuum 

Corp. , Santa,  Ana,  Calif. 

Zn  S Hot-Pressed  Tablets,  99%  Purity,  Balzers  High  Vacuum 

Corp. , Santa  Ana,  Calif. 


Zn  Se  Granxiles,  99-99%  Purity,  Balzers  High  Vacuum  Corp.  , 

Santa  Ana,  C alif . 


TABLE  2 


. Results  of  X-Ray  Diffraction  Study 
of  LaF^  Coating  Material. 


Material  Source,  Condition,  Purity  : 


Balzers  Ch72-390/3 


Radiation 


As  Received.  Ground. 


CuK  35  kV.  18  mA.  Ni  Filter 
a 


Material 


Card 

Ref. 


8-461 


La  OF 


5-0470 


d (Jl  ) 


3.  667 
3.  580 
3.  218 
2. 5615 
2. 0213 
1.8024 
1. 7477 
1.4455 
1. 3346 

1.  1872 

3.  348 

2.  905 
2. 0606 
1.7634 


ASTM 

I/I 

100 


of  diffraction  peaks  observed  in  the  present  study.  To  facilitate  com- 
parison and  emphasize  pecularities  of  the  evaporant  material,  the  Pow- 
der Diffraction  File  data  are  also  tabulated  in  columns  headed  "ASTM 
d (A)"  and  "ASTM  Miller  indices  (hkl)  of  the  respective  diffrac- 

ting planes  are  also  tabulated  when  given  on  the  cards.  The  main  fea- 
ture of  this  analysis  worth  noting  is  that  diffraction  lines  for  LaOF 
(which  should  be  present  only  in  trace  amounts  as  an  impurity)  are  as 
intense  or  more  intense  than  those  for  LaF^,  the  nominal  coating  mate- 
rial. 


Although  the  intensity  of  diffracted  x-rays  is  not  simply  proportional 
to  the  amount  of  a given  phase  present  in  a sample  (due  to  losses  from 
absorption,  preferred  orientation,  etc.),  such  high  relative  intensities 
indicate  that  LaOF  is  a major  constituent  of  the  coating  material.  If 
this  material  is  redeposited  on  substrates  during  evaporation,  coating 
inhomogeneities  and  high  absorptance  in  the  mid-infrared  would  be  ex- 
pected. The  redeposition  of  this  material  in  addition  to  oxides  and  hy- 
droxides of  Lanthanam  is  in  fact  found  in  conjunction  with  a very  high 
absorption  coefficient  at  3.  8 1-im,  as  will  be  demonstrated  in  successive 
sections  of  this  report. 

Silicon  monoxide  was  also  subjected  to  x-ray  diffraction  analysis,  with 
the  expectation  that  it  would  be  amorphous  to  x-ray  and  show  no  diffrac- 
tion peaks.  This  expectation  was  very  nearly  fulfilled.  A single,  broad, 
very  weak  diffraction  peak  attributable  to  a quartz  (101)  with  a spacing 
of  approximately  3.  348A  was  detected.  This  is  not  unexpected  and 
should  cause  no  particular  concern  for  the  3.8  nm  wavelength  region. 
Although  SiO^  itself  is  not  especially  detrimental  to  coating  absorption 
in  the  mid  infrared,  its  tendency  to  act  as  a getter  for  water  is  a prob- 
lem. Thus,  a film  consisting  of  SiO  and  redeposited  SiO^  could  absorb 
heavily  at  5.  3 lam  or  2.  7 urn  if  it  contained  trapped  water.  This  will  be 


discussed  in  connection  with  absorption  results  in  a later  section. 

In  the  vacuum  deposition  of  thin  films  by  an  evaporation  process,  know- 
ledge of  the  substrate  temperature  and  its  control  is  often  very  impor- 
tant. In  fact,  the  substrate  temperature  plays  an  especially  important 
role  for  the  whole  condensation  process.  It  controls  the  surface  mo- 
bility of  the  condensing  atoms  or  molecules  and  determines  the  degree 
of  disorder  of  the  growing  film.  Film  adhesion  and  durability  are  im- 
proved by  heating  the  substrates  prior  to  and  during  deposition.  Of 
paramount  importance  is  the  removal  of  adsorbed  gases  from  the  sub- 
strate. Thus  water  removal  is  one  of  the  main  reasons  for  heating 
substrates  prior  to  deposition. 

In  practice  a wide  range  of  substrate  temperatures  is  employed.  The 

deposition  of  metal  oxides  requires  substrate  temperatures  of  approx- 

o 1 

imately  300  C to  obtain  optimal  film  properties.  On  the  other  hand, 

zinc  sulfide  should  be  deposited  at  a substrate  temperature  below  180’C 

2 

to  provide  a compromise  between  reevaporation  and  film  durability. 

If  a low  substrate  temperature  is  required  to  obtain  a desired  film  prop- 
erty such  as  minimal  scattering,  and  if  this  temperature  is  too  low  to 
remove  water  vapor  from  the  substrate,  then  the  substrate  can  be  pre- 
heated to  remove  the  water  vapor  and  subsequently  cooled  to  the  re- 
quired deposition  temperature.  Glow  discharge  cleaning  can  also  be 
used  in  this  situation. 

Since  the  index  of  refraction  of  the  films  and  film  structure  are  a func- 
tion of  substrate  temperature,  it  is  important  that  both  substrates  and 
monitoring  pieces  be  maintained  at  a uniform  and  constant  temperature 
throughout  the  deposit  cycle.  A typical  substrate  heater  is  described 

by  Mattauch^  and  the  measurement  and  control  of  substrate  temperature 

4 

is  discussed  by  Hanson,  et  al. 
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The  objective  in  vacuum  evaporation  is  nearly  always  to  deposit  films 
to  certain  specifications.  If  the  specification  is  primarily  one  of  thick- 
ness, it  is  sufficient  to  determine  when  the  accumulated  deposit  has 
reached  the  desired  value  so  that  the  deposition  process  can  be  termi- 
nated. However,  intensive  film  properties  such  as  density,  stress, 
crystallinity,  and  index  of  refraction  depend  on  the  rates  at  which  the 
evaporant  and  residual  gas  molecules  arrive  at  the  substrate.  It  is 
therefore  necessary  to  maintain  specified  evaporation  rates.  The  influ- 
ence of  the  deposition  rates  on  the  index  of  refraction  of  SiO  has  been 
studied  by  Hass,  et.  al.  ^ A high  rate  of  deposition  corresponds  to  a 
high  index  of  refraction,  whereas,  a slow  rate  of  deposition  corresponds 
to  a low  index  of  refraction. 

Re\  ickness  and  rate  monitors  have  been  given  by  Steckelmacher 

7 

an  - arndt.  The  control  of  evaporation  rate  is  a more  complex  task 
than  thickness  control  because  it  requires  adjustment  of  the  source  temp- 
erature. 

All  coating  depositions  required  for  this  program  were  carried  out  in  a 
commercial  vacuum  system  (Balzers  Model  710)  which  is  equipped  with 
an  oil  diffusion  pump  and  a liquid  nitrogen  trap.  This  system  is  capable 
of  routinely  maintaining  pressures  of  the  order  of  10  ^ Torr  and  is 
equipped  with  a substrate  heater  and  a thin  film  monitor  to  control  de- 
position rate  and  film  thickness.  Proper  control  of  the  thickness  of  each 
layer  is  afforded  by  observing  the  reflectance  at  the  control  wavelength 
of  a suitably  positioned  monitor  plate  in  the  coating  chamber  and  stopping 
deposition  when  the  reflectance  reaches  a predetermined  level.  In  all 
cases,  care  is  taken  to  ensure  the  uniformity  of  the  thickness  of  the 
layers.  In  order  to  obtain  uniform  layers,  the  window  substrates  are 
rotated  above  the  evaporation  source  during  the  deposition  process. 
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Deposition  parameters  utilized  in  this  program  are  summarized  for 
each  material  in  Table  3.  Electron  beam  heating  was  employed  in  the 
evaporation  of  slightly  more  than  half  of  the  materials,  while  thermal 
evaporation  from  a boat  was  utilized  in  the  balance  of  the  cases. 


j Clean  substrate  surfaces  are  a prerequisite  for  successful  coatings. 

i The  slightest  amount  of  contamination  can  cause  an  immense  amount 

I of  harm  in  the  coating  deposition  process  as  well  as  an  increase  in 

[ surface  absorption.  Cleaning  is  an  art  rather  than  a science  and, 

['  therefore,  there  is  a great  diversity  of  opinion  on  what  constitutes  a 

I "good”  procedure  for  cleaning  substrates  prior  to  coating  them.  A 

» 

' full  treatment  of  various  methods  for  cleaning  glass  substrates  is  given 

> g 

by  Holland.  However,  the  sensitive  nature  of  the  highly  polished 

■ surfaces  of  the  fluoride  windows  requires  the  avoidance  of  such  harsh 

’ cleaning  procedures,  since  serious  damage  to  the  delicate  optical  sur- 

I faces  can  be  the  result  of  improper  cleaning  techniques. 

t 


\ 


The  cleaning  process  utilized  at  Northrop  to  clean  the  fluoride  windows 
prior  to  the  deposition  of  the  coating  has  been  more  or  less  conventional. 
Before  the  windows  are  placed  into  the  system  for  coating,  they  are 
cleaned  in  a solution  of  detergent  and  warm  water,  then  rinsed  with  dis- 
tilled water  and  alcohol  and  blown  dry  with  nitrogen  gas.  The  coating 
system  is  pumped  down  to  a pressure  of  less  than  10  ^ Torr  and  a pres- 
sure of  less  than  5 x 10  ^ Torr  is  maintained  during  the  coating  depo- 
sition. The  windows  are  heated  to  the  desired  substrate  temperature 
and  just  prior  to  coating  deposition  they  are  subjected  to  a glow  dis- 
charge cleaning.  So  far  this  procedure  has  been  adequate  for  cleaning 


the  fluoride  surfaces  prior  to  the  deposition  of  antireflection  coating 
designs,  and  for  calorimetric  absorption  measurements. 
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3.  COATING  STRUCTURE.  ORIENTATION.  AND  GROWTH. 


Crystal  structures,  preferred  orientation,  and  growth  characteristics  of 
thin  films  investigated  under  this  contract  are  detailed  in  this  section. 
X-ray  diffraction,  utilizing  a General  Electric  XRD-6  diffractometer 
with  a copper-target  tube  operated  at  35kV  and  18  mA,  provided  the  raw 
data.  A nickel  filter  was  used  to  obtain  CuK^  radiation  (\  = 1.  5405  A ). 
Patterns  were  taken  using  a scan  speed  of  2°  ( 20)  per  minute  and  a time 
constant  of  0.  5 in  all  cases,  slit  widths,  detector  sensitivity,  and  gain 
settings  were  varied  as  required  to  obtain  optimum  resolution  and  peak 
height.  Tabulated  values  of  d vs.  29  obtained  from  the  Bragg  law,  nX.  = 
2dsin9,  were  used  to  reduce  the  data. 

The  thin  film  materials  are  grouped  and  discussed  on  the  basis  of  chem- 
ical composition,  i.  e.  fluorides,  oxides,  selenides  and  sulfides.  Within 
each  group,  they  are  arranged  in  alphabetical  order,  i.  e.  LaF^,  MgF^, 
PbF^,  . . . 

Lanthanum  Fluoride.  LaF^  _ 

LaF^  crystallizes  in  the  he.xagonal  system  with  space  group  P6^/mmc; 

0 

the  unit  cell  dimensions  are  given  as  = 7.  184A,  = 7.  351  on  the 

ASTM  card  (#8-461),  while  Wyckoff*^  gives  a^  = 3.  148A  . Experimental 
results  of  x-ray  diffraction  scans  of  LaF^  films  (halfwave  at  3.8  |um)  on 
three  different  orientations  of  CaF^  substrates  are  presented  in  tables 
4,  5,  and  6.  Two  salient  features  of  these  results  are  the  moderate  to 
strong  preferred  orientation  in  the  films  with  some  evidence  of  corr- 
elation with  the  substrate  orientation  and  the  strong  peaks  attributable 
to  LaOF,  ^^2^3’  LaO  OH  occurring  on  (100)  and  (111)  substrate 
orientations. 
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Film  Thickness: 
Radiation: 


12,500  A ( X/2  at  3.8  ^lm) 


CuK  35  kV.  18  mA.  Ni  Filter 
g 


TABLE  6 . 




Results  of  X-Ray  Diffraction  Study 
of  La  F on  CaF  Substrate. 

w M ! 

Substrate  Orientation:  ^ A ( 1 1 1 ) 

Film  Thickness: 12,500^  (X/2  at  3.8  ^lm) 

CuK  35  kV.  18  mA.  Ni  Filter 
Radiation: a 


^i^Laterial 


LaF. 


La  O 
2 3 


CaF, 


Ca.rc 

Ref. 


8-461 


5-0602( 

24-5541 

4-0864 


Ob  a 
d (A) 


I/I 


Obs 

’lao 


ASTM 
d (1) 


I/I 


ASTM 

100 


3.672 

3.580 

2.070 

1.8364 

1.8024 

1.7400 

1.2239 

1.619 

3.477 


3. 1399 
1.  5751 


76 

18 

04 

10 

03 

06 

03 

01 

100 


> 100 
28 


3.67 
3.59 
2.075 
1. 8377 
1.8064 
1.7451 
1.2254 
1.  1601 

(3.41 

13.51 

3.  153 
1. 5765 


40 

32 
51 
05 

33 
20 
02 
02 

34 
30 

94 


hkl 


Notes 


002 

110 

300 

004 

302 

221 

006 

116 

100 

100 

111 

222 


1. 


The  spacing  of  3.41  A corresponds  to  a hexagonal  form  of  La,  at  room 


temperature,  while  3.  5ll  was  obtained  on  the  material  at  2100°  C.  Hence, 
it  appears  that  a high  temperature  form  of  the  oxide  is  quenched  in  the  thin 
film  at  room  temperature. 
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If  exhibits  a preferred  orientation  on  (100)  CaF^,  it  would  appear 

to  be  (111).  However,  the  other  peaks  of  near  half  the  (111)  intensity 
indicate  a high  degree  of  randomness  in  the  thin  film  orientation.  On 
the  other  hand  the  single  strong  peak  arising  from  LaOF  indicates  a 
very  strong  preferred  orientation  in  that  phase.  The  source  of  the  latter 
material  is  vmdoubtedly  the  coating  raw  material  itself,  which  contains 
an  abundance  of  it  (table  2). 

On  (110)  CaF  , LaF  shows  a strong  (100)  preferred  orientation  as  indi- 
cated  by  the  intensity  of  the  (300)  peak  in  table  5.  It  appears  that  an 
appreciable  fraction  of  crystallites  in  the  coating  material  have  taken 
a (302)  orientation.  The  interplanar  spacing  of  LaF^  in  these  two  orien- 
tations is  within  approximately  7%  of  the  CaF^  (220)  spacing  in  the  (110) 
direction  (i.  e.  normal  to  the  [llO]  substrate  surface).  This  indicates 
influence  of  the  coating  orientation  by  the  substrate  structure. 

The  L-a  O peak  on  (110)  CaF  is  not  particularly  strong.  Although  sub- 

Li  ^ 

stantially  equal  quantities  of  contaminants  should  deposit  on  all  substrate 
orientations  in  films  of  this  thickness,  it  is  possible  that  the  crystallite 
size  of  this  material  is  very  small  and  orientation  near  random,  so  that 
diffraction  peaks  are  very  weak. 

On  (111)  CaF  , LaF  exhibits  a strong  (001)  preferred  orientation,  with 

Ct  j 

a minority  of  crystallites  oriented  near  (100)  and  (110).  This  orientation 
of  (hexagonal)  LaF^  corresponds  to  the  3 -fold  symmetry  of  the  (111) 

CaF^  surface.  The  single  ^^2^3  again  very  strong,  showing 

marked  preferred  orientation  and  an  appreciable  quantity  of  material. 

The  large  spacing  may  indicate  that  a high  temperature  form  of  the  oxide 
is  quenched  in  the  thin  film  at  room  temperature. 
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On  SrF  , LaF  films  show  preferred  orientation  similar  to  that  on  CaF  . 

2 3 ^ 

j On  (100)  SrF^,  LaF^  has  a predominantly  (111)  orientation  with  strong 

(100)  and  (110)  type  peaks,  again  indicating  a high  degree  of  randomness 
as  on  CaF  (100).  On  SrF_  (110),  LaF  shows  a strong  (110)  orientation, 

I unlike  its  behavior  on  (110)  CaF^.  La  (OH)^  shows  one  strong  peak  (201), 

indicating  strong  preferred  orientation  of  this  impurity  on  (110).  In  addi- 
tion, the  patterns  for  both  (110)  and  (111)  SrF^  substrates  indicate  sig- 
nificant microcrystalline  or  amorphous  material  with  spacings  in  the  4 
to  6 A region.  The  orientation  of  LaF^  on  (111)  SrF^  is  again  the  basal 

(001)  orientation  shown  on  CaF^.  Relative  growth  rates  of  LaF^  on  CaF^ 
and  SrF^  are  indistinguishable  for  the  three  orientations  studied,  as  re- 
ported in  the  previous  quarterly  report  dated  May,  1977  (figures  1 and  2 
of  that  report). 

Magnesium  Fluoride.  MgF^  _ 

Magnesium  Fluoride  crystallizes  in  the  tetragonal  cassiterite  (SnO  ) 
structure  ' with  space  group  P4/mnm,  a^  = 4.623A,  c^  = 3.  052  A, 

Z = 2.  Another  form  designated  a - MgF  , also  tetragonal,  with  cell 

. . ^ 12 
dimensions  a = 9*927A  c =6.  172A  has  been  reported 
o o 

On  CaF^  (100),  it  takes  a strong  (001)  orientation,  with  slightly  smaller 

(002)  spacing  (1.511A)  than  the  tabulated  value  of  1.  526A.  Very  weak 

a-  MgF  (440)  auid  (216)  lines  are  also  observed  with  the  tabulated  spacings. 

Ct 

On  CaF  (110),  MgF  (211)  and  (112)  have  equal  intensity,  while  (110) 

2 2 

has  70%  of  this  maximum  intensity.  Hence,  this  is  a more  or  less  ran- 
domly oriented  film.  On  CaF^  (HI),  a very  weak  a - MgF^  (800)  line 
is  observed  at  1.  16 lA.  The  only  other  diffraction  line  in  the  pattern  not 

a 

arising  from  the  substrate  has  a spacing  of  3.477A,  or  three  times  the 
a-  MgF^  (800)  spacing.  This  may  indicate  a distorted  a - MgF  structure 

r 

i 


-15- 


with  strong  preferred  orientation.  On  SrF^,  MgF^  coatings  are  highly 
stressed  and  exhibit  crazing  and  other  defects.  They  show  no  X-ray 
diffraction  peaks,  indicating  either  that  no  long  range  order  is  developed 
or  that  crystallites  are  too  small  to  diffract  X-rays  to  yield  significant 
peaks.  Growth  rates  of  MgF^  on  both  CaF^  and  SrF^  are  indistinguish- 
able among  (100),  (110),  and  (111)  substrate  surfaces. 

Lead  Fluoride  PbF^  . 

PbF^  crystallizes  in  two  polymorphs  with  a transition  temperature  near 

250° C.  One  of  these,  a - PbF  , is  orthorhombic  with  space  group  Pbnm, 

^ 1 » 10 

and  lattice  parameters  a = 7.357A,  b = 4269A,  c = 3.  891  A.  The 
^ o o o 

unit  cell  contains  four  formula  units  of  PbF^.  This  structure  is  of  the 

PbC  1 type,  in  esse*nce  a distorted  cubic  close  packing  of  halogen  atoms 

^ 10 
with  lead  atoms  accommodated  in  the  same  plane  with  them  ; this  phase 

has  a higher  atomic  packing  density  than  the  cubic  S - phase  and  hence 

should  be  stable  at  lower  temperatures.  The  cubic  8 - 

has  the  fluorite  structure  with  space  group  Fm3m  and  unit  cell  dimension 

. 10 
a = 5.927A;  the  unit  cell  contains  four  formula  units  of  PbF  . It  was 
o 2 

found  previously  that  both  phases  occurred  in  quarterwave  thicknesses 
(at  5.  3 n m)  of  PhF^  deposited  on  single  crystal  CaF^  substrates  main- 
tained at  200°  C,  with  the  cubic  B - phase  predominating  and  taking  an 

orientation  parallel  to  the  substrate,  with  a mismatch  of  the  order  of 
13 

8%.  The  growth  rate  of  these  films  was  found  to  vary  with  substrate 
orientation,  being  ~ 3%  faster  on  (110)  than  on  (100)  and  (111). 

Results  of  the  present  work  are  presented  in  tables  7,  8,  and  9.  On 
CaF^  (100),  9-  PbF^  takes  a very  strong  (111)  preferred  orientation, 
with  minor  (331)  and  (511)  lines.  This  contrasts  sharply  with  the  previous 
X-ray  and  electron  diffraction  results,  which  showed  a (100)  orientation 
throughout  the  bulk  of  the  film  and  a (110)  orientation  near  the  free  surface. 
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TABLE  7.  Results  of  X-Ray  Diffraction  Study 


of  Pb  on  Ca  Substrate. 


Substrate  Orientation: 


A (100) 


Film  Thickness:  1Q,900.|^  ( A/2  at  3.8  ^m) 


Radiation: 


CuK  35  kV.  18  mA.  Ni  Filter 
a 


Card 

Rei. 


d (A) 


ASTM 
d (A) 


ASTM 


3 - PbF^  6-0251 


3.424 
1.714 
1.  363 
1,  143 


3.428 
1.  715 
1. 362 
1.  143 


a-PbF^  6-0288 


3.782 


3.  824 
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3-  PbF 


i'AisJ-iJi.  7.  results  or  A.-r(.ay  uuiraczion  acuay 
of  ^2  Ca  Substrate. 

Substrate  Orientation:  1.  8°  A ( i i M 

Film  Thickness:  10,98QA(  \/2  at  3.8  gm) 

_ CuK  35kV.  18mA.  Ni  Filter 

Radiation:  a 


1 


Card 

Rei- 

Obs 
d (A) 

Obs 

I/I 

100 

6-0251 

3.424 

100 

1.714 

29 

1.306 

<01 

1.  142 

02 

6-0288 


4-0814 


3.798 

1.2798 

1.2470 

3.  156 
1.0515 


A5TM 
d fA) 


28 

15 


1.328 
1.  143 

3.  824 

1.2854 

1.2570 

3.  153 
1.0512 


ASTM 

I/I 

100 

hkl 

002 

143 

224,  311 


The  a-  in  the  present  study  is  oriented  near  (001);  in  the  previous 

work  it  showed  a (012)  orientation. 

On  the  (110)  surface  of  CaF^,  S - PbF^  is  the  only  phase  present,  show- 
ing equally  strong  (110)  and  (111)  orientations  (Table  8).  In  previous 

work,  a very  strong  (110)  orientation  with  minor  (111)  and  a-  PbF  (103) 

13 

lines  was  determined.  On  (111)  CaF^,  the  (111)  orientation  of  S-  PbF^ 
predominates  (Table  9),  with  minor  (420)  and  (511)  lines.  The  a - phase 
takes  a predominant  (001)  orientation,  with  minor  lines  of  higher  index. 
The  general  behavior  of  PbF  on  (111)  CaF  is  in  accord  with  previous 
results. 

Present  results  on  relative  growth  rates  of  PbF^  on  the  three  substrate 

orientations  show  fastest  growth  on  (110)  followed  by  (111)  and  (100), 

13 

again  in  accord  with  previous  results.  Hence,  it  is  difficult  to  recon- 
cile structure  and  growth  rate  data  in  the  two  sets  of  experiments.  Pres- 
ent results  suggest  that  the  preferred  growth  direction  of  PhF^  is  [ill] 
on  all  three  substrate  orientations.  This  is  mitigated  somewhat  on  (110) 
CaF^,  where  the  (110)  line  of  S - ^bF^  has  an  intensity  equal  to  (HI). 
Reasons  for  this  behavior  are  not  clear.  The  degree  of  mismatch  be- 
tween the  lattice  parameters  of  coating  and  substrate  materials,  defined 
as 


Ad 


d,  , , (coating)  - d,  , , (substrate) 
hkl  hk 1 


d,  , , (substrate) 
hkl 


X 100% 


is  about  8.  7%  for  corresponding  ( 100) , (110),  and  (111)  CaF  and  B PbF  . 
On  (110)  CaF^,  the  mismatch  with  (111)  PbF^  is  only  8.8%,  so  the  co- 
existence of  (111)  and  (110)  PbF^  on  (HO)  CaF^  is  not  surprising.  How- 
ever on  (100)  CaF  , the  mismatch  with  (HI)  PbF  is  37%. 

^ z 
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The  orientation  of  8 - films  on  SrF^  substrates  follows  sub- 

strate orientations  nearly  perfectly  in  all  three  cases  as  indicated  by 
the  data  of  tables  10,  11,  and  12.  This  is  not  at  all  surprising,  since 
the  mismatch  between  corresponding  planes  of  and  SrF^  is  2.4% 

for  (100)  and  (110)  and  2.3%  for  (HI),  a - on  the  (100) 

substrate  orientation  with  about  equal  (010)  and  (012)  orientations; 
mismatch  with  the  substrate  is  about  13%  while  that  with  8 - ^^>^2 

is  about  10%.  No  a-  PbF^  occurs  on  (110)  SrF^. 

The  presence  of  lead  oxide,  ^^2^3  (HO)  and  PbO  on  (HI),  comes 
as  no  surprise.  It  tends  to  increase  the  refractive  index  of  the  films 
slightly,  but  probably  does  not  appreciably  increase  absorptance. 

The  relative  growth  rates  of  Pbp2  (HO)  and  (100)  SrF^  are  essen- 
tially equal,  with  the  rate  on  (110)  being  slightly  greater.  The  slow- 
est growth  rate  is  on  (HI)  SrF^. 

Strontium  Fluoride  (SrF„). 

Strontium  fluoride  crystallizes  in  the  cubic  fluorite  structure  with 

space  group  Fm3m  and  lattice  parameter  a = 5.  800 A;  the  unit  cell 

10  ° 

contains  four  formula  units  of  SrF^.  It  was  found  previously  that 

SrF  films  deposited  on  single  crystal  CaF  substrates  took  on  very 

^ 13 

strong  preferred  orientations  following  the  substrate.  However,  its 

behavior  is  very  similar  to  that  of  8 - ^^2  'isposited  on  CaF^  sub- 
strates. For  heilfwave  thicknesses  of  SrF^  on  Ca.F^  at  design  wave- 
lengths of  3.  8 and  5. 3 |um,  the  dominant  preferred  orientation  in  the 
thin  films  is  (HI).  For  the  5.  3 pm  films,  ( 100)  and  ( 1 10)  type  peaks 
are  of  very  low  intensity  on  the  corresponding  substrate  orientations, 
with  (HI)  always  strongest.  For  the  3. 8 pm  films,  the  (100)  and 
(110) -type  peaks  are  about  twice  the  intensity  of  the  (HI)  peaks. 
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1 iU  . 


iv-esuits  oi  ^-r^ay  i-aiiraction  ocuay 


Substrate  Orientation: 


2.  5°A  ( 100  ) 


Film  Thickness:  5.  490  A ( A,  /4  at  3.  8 u m ) 

_ CuK  35  kV.  18mA.  Ni  Filter 

Radiation:  a, 


Substrate  Orientation:  0.  5°  A ( 1 1 1 ) 


Diffraction  lines  corresponding  to  elemental  strontium  and  its  oxides 
are  found  on  all  substrate  orientations,  but  in  greater  numbers  and 
greater  intensities  on  (100)  and  (111). 

Thus  it  appears  that  the  preferred  growth  direction  of  SrF^  films  is 
[ill]  on  CaF^  substrates,  but  the  substrate  orientation  has  a variable 
influence  upon  this,  possibly  corresponding  to  substrate  temperature 
or  impurity  content  of  the  films.  Non- stoichiometry  and  the  presence 
of  oxygen  or  hydroxyl  groups  are  problematic,  as  observed  in  previous 
work.  No  difference  in  growth  rate  of  SrF^  among  the  three  CaF^ 
substrate  orientations  was  found  in  the  present  work. 

Thorium  Fluoride  (ThF  .) 

4~ 

Thorium  tetrafluoride  crystallizes  in  the  monoclinic  system  with  the 

9 

zirconium  fluoride  structure.  Two  unit  cells  of  slightly  different 

dimensions  have  been  reported  in  recent  entries  in  the  ASTM  card 

file.  ^ These  are  a =13A,  b =11.1A,  c =8. 6 A,  g = 126.0^  and 

o o o 

a = 12.  9A,  b = 10.  93A,  c = 8.58^,  0 = 126.4°,  with  space  group 
o o o 

C 2/c  and  cell  content  Z = 12  formula  units  of  ThF  . In  the  older 
9 4 

literature,  a body-centered  cell  (I  2/c)  was  chosen,  with  dimensions 

a = 10.  64l,  b = 11.  OA,  c = 8.  6A , 6 = 94°  50'  , Z = 12. 
o o o 

On  (100)  CaF^,  ThF^  films  are  crystalline  with  nearly  equal  (270)  and 
(2l3)  preferred  orientations.  Mismatch  of  ThF^  (270)  with  the  (100) 
spacing  of  CaF^  is  approximately  11%;  mismatch  of  (213)  with  (200) 
CaF^  is  less  than  1%.  On  (110)  CaF^,  ThF^  films  are  microcrystal- 
line (amorphous  to  X-ray)  with  subequal  diffuse  maxima  in  diffracted 

0 • 

X-ray  intensity  at  approximately  3.  8A  and  2.  OlA,  corresponding  re- 

14 

spectively  to  ThF  (220)  and  (103).  Mismatch  between  ThF  (220) 
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and  CaF  (110)  is  1.6%  while  that  between  ThF  (103)  and  CaF  (220) 

is  4.8%.  On  (111)  CaF  , ThF  is  crystalline,  taking  a very  strong 

^ 4 

(321)  orientation,  with  one  weak  (332)  line.  Mismatch  between  CaF^ 

(111)  and  ThF^  (32l)  is  approximately  9%  ; that  between  ThF^  (332) 
and  CaF^  (222)  is  approximately  10%. 

These  results  are  in  general  accord  with  previous  work,  but  details  of 
the  preferred  orientations  differ.  This  is  not  surprising  since  overall 
behavior  remains  the  same:  ThF^  films  tend  to  adopt  a preferred  crys- 
tallographic orientation  leading  to  minimal  mismatch  with  a CaF  sub- 
strate.  Since  the  structure  of  ThF^  is  more  complex  than  that  of  CaF^, 
several  interplanar  spacings  may  lie  near  a given  CaF^  spacing.  The 
particular  orientation  adopted  by  the  film  may  then  depend  upon  other 
considerations  than  mismatch  across  the  film-substrate  interface,  e.  g. 
contaminants,  stacking  faults,  and  preferential  growth  directions  in  the 
film  material  itself. 

ThF^  coating  material  from  two  different  vendors  (Cerac  and  Balzers) 
was  deposited  on  SrF^  substrates.  Although  the  number  and  intensity 
of  diffraction  peaks  attributable  to  oxides,  oxyfluorides,  and  hydrated 
fluorides  of  thorium  differ  in  thin  films  deposited  using  raw  material 
from  different  vendors,  the  overall  structure  and  orientation  of  the 
films  is  remarkably  consistent. 

On  (100)  SrF^  the  strongest  coating  diffraction  line  for  Cerac  material 
is  attributable  to  hydrated  ThF^  with  an  observed  spacing  of  3.  2oA 
corresponding  to  a strong  (132)  preferred  orientation.  The  line  of 
secondary  intensity  is  attributable  to  ThF^  (252)  with  a spacing  of  1.  61A. 
Minor  amounts  of  amorphous  or  microcrystalline  material  with  spacings 
in  the  5 to  9A  region,  corresponding  to  ThF^  (200)  and  (110)  are  observed. 
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I For  Balzers  ThF^,  the  coating  is  microcrystalline  with  primary  orien- 

i tation  near  (512)  with  an  observed  spacing  of  1,4661  and  subequal 

I secondary  orientations  near  (103)  (d  = 2.004A)  and  (220)  (d  = 3.80A). 

Mismatch  between  the  (512)  spacing  and  (400)  SrF^  is  1%,  that  between 
(103)  and  (220)  SrF^  (exposed  on  the  SrF^  (100)  surface)  is  2%,  and 
that  between  (220)  and  (111)  SrF^  is  13%. 

On  (110)  SrF  , ThF  comprises  predominantly  well  crystallized  mate- 
2 4 _ • 

rial  with  a strong  (52l)  orientation  (d  = 2.27A),  a mismatch  of  10.7% 
with  (220)  SrF^  for  films  fabricated  using  material  manufactured  by 
either  Cerac  or  Balzers.  Both  materials  show  minor  amounts  of  poorly 
crystallized  thin  film  with  spacings  corresponding  to  ThF^  (311),  (220), 
(030),  (312),  (32l)  and  (310).  Evidence  for  a substantial  amount  of 

« 

microcrystalline,  hydrated  ThF^  with  a spacing  of  approximately  3.48A 
was  observed  in  a pattern  from  one  coating  fabricated  from  Cerac  mate- 
rial. 

On  (111)  SrF  , ThF  from  either  vendor  is  crystalline,  taking  a strong 
(030)  orientation,  with  an  observed  spacing  of  3.697A,  a mismatch  of 
10.3%  with  the  substrate  (111)  spacing  of  3.  35A.  Material  with  a 
spacing  of  1.85A,  corresponding  to  (322)  ThF^  is  also  observed,  giving 
rise  to  a diffracted  X-ray  intensity  about  25%  of  the  (030)  line.  Minor 
amounts  of  hydrated  ThF^  with  a spacing  of  2.  45A,  corresponding  to  a 
(151)  orientation  are  found  in  films  fabricated  from  Cerac  material, 
but  not  in  those  fabricated  from  Balzers  material. 

In  summary  of  ThF^  characteristics,  it  appears  that  the  material  may 
be  crystalline,  microcrystalline,  or  amorphous,  depending  upon  sub- 
strate type  and  orientation.  When  crystalline,  it  tends  to  take  an  orien- 
tation which  minimizes  mismatch  with  the  fluoride  substrate  spacing. 

i 

I 

i 
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Hydrated  material  in  thin  film  form  is  more  common  when  Cerac  raw 
material  is  used.  Growth  rates  are  indistinguishable  among  the  three 
orientations  of  either  substrate  material. 

Aluminum  Oxide  (A1_0  ). 

Although  Al^O^  may  crystallize  in  a multiplicity  of  forms,  we  shall  be 

concerned  o^nly  with  the  common  form  known  variously  as  a - A1  O . 

2 3 

corundum,  or  sapphire.  The  structure  is  most  easily  visualized  as  a 

hexagonal  close-packing  of  oxygen  ions  with  small  metallic  ions  lying 

9 

in  some  interstices.  The  space  group  is  R 3 c and  the  structure  may 
be  referred  to  a primitive  rhombohedral  cell  having  a = 5.  IZSl,  a = 
55°20'  and  containing  two  formula  units  of  Al^O^.  Alternatively,  it 
may  be  referred  to  a hexagonal  cell  having  a^  = 3.  763JI,  and  containing 
six  formula  units  of  A1  O . 

On  (100)  CaF  , A1  O films  are  crystalline  with  the  corundum  structure 

^ 15 

and  a very  strong  (018)  preferred  orientation.  A small  amount  of 
material  takes  a (1  2 10)  orientation  and  a minor  amount  of  micro- 
crystalline material  having  spacings  in  the  3 to  5 A region  is  observed. 

On  (110)  CaF^,  the  film  is  microcrystalline  or  amorphous  with  spacings 
« 

in  the  1.8  to  2.  lA  region,  corresponding  to  spacings  for  several  different 
forms  of  aluminum  oxide.  On  (111)  CaF^,  ^13^3  largely  mi- 

crocrystalline or  amorphous  with  spacings  in  the  5.9  and  7.  4A  regions. 

A single,  sharp  peak  at  a spacing  of  3.4971  corresponding  to  a -A1  O 

2 3 

(012)  is  of  low  intensity,  indicating  that  crystallinity  is  poorly  developed 
on  this  substrate  orientation. 

On  SrF^,  -^^2^3  apparently  entirely  amorphous  to  X-rays  on  two  of 
the  three  substrate  orientations,  (100)  and  (110).  On  (111)  SrF^,  micro- 
crystalline material  predominates  with  a spacing  in  the  6A  region.  In 
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addition,  a single  weak  peak  at  3.69^  is  observed.  This  is  not  attrib- 
utable to  common  phases  of  A1  O , AI  (OH)  , AIF  , or  elemental  Al, 
or  to  the  SrF^  substrate.  On  both  CaF^  and  SrF^  the  relative  growth 
rate  of  Al^O^  is  slowest  on  (111)  and  equally  fast  on  (100)  and  (110). 


Magnesium  Oxide  (MgO), 


10 


Magnesium  oxide  (periclase)  crystallizes  in  the  cubic  sodium  chloride 

structure  with  space  group  Fm3m  and  lattice  parameter  a^  = 4.21lA, 

Recently  reported  experimental  work  with  thin  films  of  MgO  on  amor- 
15 

phous  substrates  indicates  that  the  preferred  growth  direction  is 
< 111  > , independent  of  substrate  temperature  and  deposition  rate. 

Our  results  on  oriented  single  crystal  substrates  tend  to  confirm 

this  for  the  (100)  and  (110)  substrate  orientations,  but  not  for  the  (111) 
orientation. 


On  (100)  CaF  , MgO  films  take  a strong  (111)  orientation  with  a slightly 

• t 16 

expanded  (111)  spacing  (2.496A  as  compared  to  the  expected  2.431A.). 

A weak  MgO  (220)  peak  is  also  observed,  with  a 1.  506A  (near  nominal) 
spacing.  On  (110)  CaF^,  the  strongest  MgO  peaks  again  correspond  to 
(111)  and  (222),  with  (111)  having  the  expanded  spacing  observed  on  (100) 
CaF  . The  (222)  spacing  has  the  nominal  value.  Peaks  corresponding 
to  (100)  and  (110)  MgO  are  also  observed,  with  intensities  20  to  33%  of 
the  (111)  intensity,  indicating  that  appreciable  fractions  of  crystallites 
in  the  MgO  film  are  oriented  in  these  directions.  Mismatch  of  (111) 

MgO  on  (100^  or  (110)  Ca.F^  is  about  9%,  as  is  (100)  MgO  on  (HO)  CaF^ 
and  (110)  MgO  on  (100)  CaF^,  so  these  observed  combinations  are  not 
unexpected.  However,  the  mismatch  of  (110)  MgO  on  (110)  CaF^  is  23%, 
so  this  observed  orientation  is  unexpected. 


On  (111)  CaF^,  the  only  diffraction  line  not  attributable  to  the  substrate 
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corresponds  to  a spacing  of  3.  50A,  which  is  not  identifiable  with  any 

known  spacing  of  MgO,  MgO  , Mg  (OH)  or  elemental  Mg.  However, 

^ ^ >17 

this  spacing  is  close  to  double  the  Mg  (OH)  (lOZ)  spacing  of  1.794A 

• 18  ^ 

or  the  MgO^  spacing  of  1.700A.  Thus,  the  formation  of  a magnesium 
oxide  or  hydroxide  superstructure  in  the  thin  film  form  is  a possibility 
on  the  (111)  CaF^  surface. 

On  SrF^,  MgO  films  are  apparently  largely  amorphous  to  X-ray  and 

exhibit  stoichiometry  problems.  On  (100)  SrF^,  a weak  MgO  (111)  dif- 

0 

fraction  peak  occurs  with  the  nominal  2.43A  spacing,  in  addition  to  a 
strong  peak  with  a spacing  of  3.22A.  This  is  almost  exactly  double  the 

19 

(110)  spacing  of  elemental  Mg  and  could  imply  formation  of  a Mg 
superstructure.  The  Mg  (200)  line  also  occurs  on  this  substrate  orien- 
tation. On  (110)  SrF^,  the  material  is  microcrystalline  with  spacings 

in  the  4.  5A  and  3.  sA  regions.  One  weak  diffraction  peak  at  2.266A  is 

12 

attributable  to  a-  MgF^  (222,  410).  On  (111)  SrF^,  the  material  is 
again  microcrystalline  with  spacings  in  the  5.9^  region. 

On  CaF^,  MgO  films  show  no  variation  in  refractive  index  with  sub- 
strate orientation,  but  different  growth  rates  are  observed.  The  growth 

1 

rate  on  (100)  CaF^  is  fastest,  corresponding  to  the  strongest  (111)  pre-  ^ 

ferred  orientation  in  the  MgO  film.  On  (110)  and  (111)  CaF^,  growth  j 

rates  are  about  equal  and  slower  than  on  (100),  corresponding  to  the  | 

poorer  preferred  orientation  and  formation  of  superstructures.  On  j 

SrF  , both  growth  rates  and  refractive  indices  vary  with  substrate  orien-  j 

^ ! 
tation,  greatest  index  and  fastest  growth  rate  occurring  on  (110),  slowest  j 

I 

growth  and  lowest  index  on  (100),  intermediate  rates  and  index  on  (111). 

Material  on  (100)  CaF^  is  generally  crystalline  while  that  on  (110)  and 

(111)  is  amorphous  or  microcrystalline.  j 
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Silicon  Monoxide.  SiO  . 


SiO  films  are  non-stoichiometric,  but  mechanically  and  chemically 
very  stable  and  can  be  used  as  excellent  coatings  for  the  infrared  region. 
They  are  nominally  amorphous  to  X-ray  and  electron  diffraction,  but 
weak  diffraction  peaks  corresponding  to  SiO^  or  elemental  silicon  are 
not  unexpected. 

On  (100)  CaF  , SiO  deposits  with  one  strong  tridymite  (unindexed)  peak 
. *20 

with  a spacing  of  1.  507A.  No  microcrystalline  material  is  evident 
on  this  substrate  orientation.  On  (110)  CaF^,  it  deposits  as  amorphous 
or  microcrystalline  material  with  spacings  of  the  order  of  1.9-^,  also 
indicative  of  the  tridymite  phase  of  SiO^^*^  and  of  elemental  silicon. 

On  (111)  CaF^,,  SiO  deposited  as  amorphous  or  microcrystalline  material 

with  spacings  in  the  lA  and  6.  sA  regions  in  two  of  three  cases  studied. 

20 

In  the  third  case,  a very  strong  tridymite  peak  was  observed  at  3.49A, 
indicating  a strongly  oriented,  well  crystallized  deposit.  Minor  amounts 

o 

of  microcrystalline  material  with  a spacing  of  approximately  5.9A  were 
also  observed  in  this  film.  Growth  rates  of  SiO  are  fastest  on  (100) 

CaF^,  slowest  on  (110),  and  intermediate  on  (111). 

On  SrF^  (100),  SiO  films  are  amorphous  or  microcrystalline  with  spac- 
ings in  the  1.41  and  1. 4&A  regions,  corresponding  to  the  tridymite  phase 
20 

of  SiO^.  On  (110)  SrF^,  SiO  films  comprise  both  microcrystalline 
and  well  crystallized  material.  Microcrystalline  material  has  spacings 
in  the  4^  and  2.28A  regions,  corresponding  to  tridymite.  On  (HI)  SrF  , 
SiO  films  show  microcrystalline  material  in  the  4 - 9A  region  and  the 
3.  ?A  region,  corresponding  again  to  tridymite.  Growth  rates  of  SiO  on 
SrF^  are  fastest  on  (100),  intermediate  on  (111)  and  slowest  on  (110). 
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Zinc  selenide  crystallizes  in  the  cubic  S - ZnS  structure,  with  space 
group  F 4 3 m and  lattice  parameter  5.668A.  A hexagonal  form 

with  a^  - 3.  996a  and  6.53A  has  also  been  reported,  although  the 
space  group  is  not  given,  the  structure  is  most  likely  similar  to  the 
ot  - ZnS  structure. 


On  both  (100)  and  (110)  CaF  , cubic  ZnSe  films  are  deposited  with  a 

^ 23 

strong  (111)  preferred  orientation,  as  indicated  in  tables  13  and  14. 

Mismatch  of  (111)  ZnSe  with  (100)  and  (110)  CaF  is  20%  and  15%,  re- 

22  ^ 
spectively.  On  (111)  CaF_,  ZnSe  is  deposited  in  the  hexagonal  form 

^ 23 

with  very  strong  (100)  preferred  orientation,  as  shown  in  table  15. 

On  the  latter  substrate,  several  very  weak  peaks  attributable  to  ZnSeO 

4 

are  also  evident,  as  indicated  in  table  15.  Tables  13  -15  provide  a fair 
representation  of  the  ZnSe  structure  on  three  sets  of  CaF^  substrates. 
Growth  rates  of  ZnSe  on  CaF^  are  fastest  (and  essentially  equal)  on 
(100)  and  (110)  and  slowest  on  (111). 

This  growth  behavior  correlates  very  well  with  the  structural  and  ori- 
entational similarities  of  the  films  on  (-iOO)  and  (110)  and  the  dissimilar- 
ity on  (111). 


On  SrF^  substrates,  the  tendency  toward  crystallization  of  ZnSe  in  the 
cubic  form  with  the  (HI)  preferred  orientation  is  again  seen  on  the  (100) 
and  (110)  substrate  orientations.  However,  peaks  attributable  to  zinc 
oxides,  hydroxides,  and  selenates  are  also  present  along  with  broad 
humps  in  the  diffractometer  traces  arising  from  microcrystalline  mate- 
rial with  spacings  in  the  3 to  4A  region  on  (110).  On  the  (111)  orientation 
of  the  SrF^  substrates,  hexagonal  ZnSe  is  again  evident,  but  with  a weak 
(103)  or  (105)  orientation  (rather  than  (100)  ).  In  addition,  large  amounts 
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Gird 

Rei. 

Obs 
d (A) 

Zn  Se 

5-0522 

3.270 

1.0893 

Zn  Se  O ^ 
4 

19-1476 

3.608 

CaF2 

4-0864 

1.3625 

Obs  AJSTM  ASTM 

I/I  I/I 

100  d (A)  LOQ 


100  3.273  100 

<01  1.0901  08 

03  3.645  100 

08  1.366  12 


iid  1 ^^ot 


111 

400 


TABLE  14.  Results  of  X-Ray  Diffraction  Study 
of  ZnSe  on  Ca  Substrate. 

Substrate  Orientation:  8°  A ( 1 10  ) 

Film  Thickness:  10,950A  (X/2  at  5.3  gm) 

_ Cu  K 35  kV.  18  mA.  Ni  Filter 

Radiation:  a 


TABLE  15.  Results  of  X-Ray  Diffraction  Study 
of  ZnSe  on  CaF^  Substrate. 

Substrate  Orientation:  1°  A ( m ) 


Film  Thickness; 


Radiation: 


10,950A(A/2  at  5.3  um) 

CuK  35  kV.  18  mA.  Ni  Filter 
a 


Card 

Ref. 


15-105 


d (A) 


6.50 

3.490 


ASTM  ASTM 

d IQQ 


3.43 


001  ? 
100 


20-1449  4.84 


4.94 


oil,  111 


19-1476 


3.767 

3.616 

1.745 

1.576 

1.163 


3.76 
3.645 
1.756 
1.582 
1.  168 


021 

111 

142 

114 

172, 314 


4-0864  3.151 

1.  0515 


3.  153 
1.0512 


I 


3.25  A;  d(OOl)  Not  Listed 


0 

of  microcrystalline  material  with  spacings  in  the  5-7A  region  are  evident 
on  the  (111)  substrate  orientation. 


Growth  rates  of  ZnSe  on  SrF^  are  fastest  and  about  equal  on  (110)  and 
(111)  and  slowest  on  (100).  This  behavior  does  not  correlate  well  with 
the  structural  data,  except  for  the  presence  of  microcrystalline  material 
on  (110)  and  (111)  eind  its  absence  on  (100).  This  may  mean  that  more 
rapid  growth  is  associated  with  the  formation  of  films  having  a lower 
degree  of  long  range  order. 

Reasons  for  the  differences  in  the  coatings  on  SrF^  and  Ca.F^  substrates 
are  difficult  to  ascertain.  Apparently,  the  crystal  structure  of  the  coat- 
ings on  either  substrate  is  not  governed  by  the  substrate  structure  or 
orientation  for  the  deposition  conditions  employed  to  date.  The  predom- 
inant impurities  on  SrF^  appear  to  be  Zn  (OH)^,  while  those  on  CaF^ 
appear  to  be  ZnSeO^,  which  may  indicate  the  presence  of  small  amounts 
of  oxygen  during  deposition  in  the  latter  case.  The  hydroxide  would  im- 
ply the  presence  of  water  vapor  in  the  deposition  environment.  These 
differences  are  not  dependent  on  conditions  in  a single  coating  run,  but 
represent  results  of  at  least  three  coating  runs  on  each  substrate  mate- 
rial, or  a total  of  nine  samples. 


Zinc  sulfide  crystallizes  in  two  structures,  the  hexagonal  a-  ZnS  or 

Wurtzite  type  having  space  group  P6  me,  and  the  cubic  0 - ZnS  or 

^ — 10 

Sphalerite  type  having  space  group  F 4 3 m.  Both  structures  are 
based  on  tetrahedral  coordination.  In  the  cubic  phase,  zinc  atoms  are 
arranged  on  a face-centered  cubic  lattice  while  in  the  hexagonal  form 
they  fall  into  a distorted  hexagonal  close-packing.  Lattice  parameters 
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of  the  hexagonal  phase  are  a = 3.  820  A,  c = 250  A while  the  cubic  phase 

0 

has  a unit  cell  dimension  a = 5. 406  A. 

o 


Alternative  stacking  arrangements  in  the  c-axis  direction  of  the  hexag- 
onal phase  give  rise  to  several  polytypes  of  ZnS;  the  best  known  of  these 

0 

are  designated  8H  and  lOH,  with  c-axis  dimensions  of  24.  96  A and 
31.20-i,  respectively.^^ 


On  CaF  substrates,  ZnS  deposits  in  the  hexagonal  (Wurzite  or  a-  ZnS) 

^ 25 

form,  yielding  diffraction  patterns  indicative  of  the  8H  polytype.  On 

(100)  and  (110)  substrate  orientations  the  film  orientation  is  predomi- 

nantly  basal  with  spacings  of  approximately  3.  10  A,  or  slightly  smaller 

0 

than  the  nominal  3.  12  A spacing  between  successive  layers  of  Zn  or  S 
2 6 

atoms.  The  strongest  diffraction  peak  on  (100)  CaF^  corresponds  to 

a spacing  of  1.51  A,  less  than  half  of  the  3.  12  A fundamental  ZnS  spacing. 

27 

This  diffraction  line  is  attributable  to  a form  of  a-Zn(OH)2  with  a 

o 

spacing  of  1.511  A.  However,  the  absorption  results  to  be  presented  in 
the  next  section  do  not  justify  large  amounts  of  the  hydroxide  material. 

9 

It  is  thus  possible  that  the  1.51  A spacing  corresponds  to  a basal  ZnS 

» 24  25 

spacing,  considerably  smaller  than  the  nominal  1.56  A.  ' Minor 
diffraction  lines  on  the  (100)  substrate  orientation  correspond  to  (110) 
ZnS(8H),  at  1.905A,  (300)  ZnS  (8H)  at  1.  102  A,  and  a-Zn(OH)2  (031) 
at  3.  02  A. 


On  (110)  CaF^  substrates,  the  situation  is  somewhat  simpler,  the 

0 

strongest  peak  arising  from  the  (008)  spacing  of  ZnS  (8H)  at  3.  11  A. 
Lower  intensity  lines  arise  from  (10  10),  (10  13),  and  (110)  spacings 
of  the  same  material  at  1.979,  1.  943,  and  1.887  A (observed)  and  Wurtz- 
ite  (102)  at  2.24^.  No  lines  attributable  to  zinc  oxides  or  hydroxides 
were  observed. 
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On  (111)  CaF^,  ZnS  again  deposits  in  the  hexagonal  form  with  a strong 
preferred  orientation.  The  strongest  diffraction  line  corresponds  to  a 
spacing  of  3.  477  A,  which  is  very  nearly  three  times  the  a - ZnS  (212) 
spacing  of  1.  161  A,  also  observed  on  these  substrates.  The  3.  477  A 
spacing  does  not  correspond  to  diffraction  lines  for  common  oxides, 
hydroxides,  sxilfites,  sulfates,  or  fluorides  of  zinc  or  to  elemental  zinc 
or  sulfur.  In  fact,  the  only  (non- substrate)  diffraction  lines  observed 
with  this  substrate  orientation  are  at  3.  477  A,  1.  161  A,  and  1.06  A,  the 
latter  attributable  to  a - ZnS  (213).  Hence  we  conclude  that  the  material 
takes  a strong  preferred  orientation  parallel  to  (212),  but  possibly  has 
developed  a superstructure  having  triple  the  (212)  spacing. 

Structural  mismatch  criteria  between  the  substrate  and  film  do  not 
appear  to  govern  the  choice  of  structure  and  orientation  in  these  ZnS 
films.  These  criteria  would  predict  a cubic  (sphalerite  or  8 - ZnS) 
structure  for  films  on  CaF^,  with  a strong  preferred  orientation  paral- 
leling the  substrate,  since  the  structures  and  spacings  are  similar  to 
24  28 

within  l?b.  ’ On  SrF^,  these  same  criteria  would  predict  a - ZnS 
on  all  three  substrate  orientations,  with  (101)  ZnS  paralleling  (100) 
SrF^,  (102)  ZnS  on  (110)  SrF^  and  (100)  ZnS  on  (111)  SrF^. 

Some  of  these  relationships  are  in  fact  observed. 

On  CaF^,  the  growth  rate  of  ZnS  is  fastest  on  (110),  intermediate  on 
(100)  and  slowest  on  (111),  exhibiting  no  obvious  correlation  with  the 
structural  data,  except  that  the  structure  is  simplest  and  preferred 
orientation  strongest  on  (110).  No  extraneous  lines  attributable  to  im- 
purities are  observed  on  (110),  but  they  are  observed  on  the  other  sub- 
strate orientations. 
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Results  of  X-ray  diffraction  investigations  of  ZnS  films  on  SrF^  sub- 
strates are  detailed  in  Tables  16,  17,  and  18.  On  (100)  SrF^  (Table  16) 
the  predicted  very  strong  (101)  orientation  of  the  a - ZnS  film  is  obser- 
ved. Mismatch  between  film  and  substrate  spacings  in  this  orientation 
is  9.9%.  On  (110)  SrF^  (Table  17),  the  predicted  (102)  orientation  of 
a-  ZnS  is  observed.  Mismatch  in  this  orientation  is  11%.  Minor  lines 
corresponding  to  poorly  crystalline  material  of  the  lOH  polytype  of 
ZnS  are  also  observed  on  this  substrate  orientation:  none  of  these  cor- 
respond closely  to  the  substrate  spacing. 

On  (111)  SrF^,  the  predicted  (100)  a - ZnS  film  structure  and  orientation 
are  not  observed  (Table  18).  The  observed  orientation  of  the  ZnS  (lOH) 
polytype  corresponds  to  a mismatch  of  approximately  10%  with  the  sub- 
strate.^^’ The  predicted  (100)  orientation  of  a - ZnS  on  (111)  SrF 

24,  29 

would  result  in  a mismatch  of  1.3%.  ’ 

The  growth  rate  of  ZnS  is  fastest  on  (110)  SrF^,  slowest  on  (100),  and 
intermediate  on  (111),  ..rr elating  poorly  with  observed  structure  and 
orientation.  Slow  growth  of  the  strongly  oriented,  well  crystallized 
material  with  low  mismatch  on  (100)  SrF^  is  quite  plausible,  but  the 
rapid  growth  in  the  (102)  orientation  on  (110)  SrF^  is  difficult  to  recon- 
cile with  the  slower  growth  of  the  lOH  polytype  on  (111),  where  both 
have  a 10%  mismatch  with  the  substrate  spacing  and  somewhat  disor- 
dered structure. 

4.  COATING  PROPERTIES 


The  coating  properties  of  interest  in  this  study  are  refractive  index 
and  absorption  coefficient  on  the  various  substrate  materials  and  ori- 
entations. In  order  to  determine  these  properties,  single  layer  films 
of  quarterwave  and  halfwave  optical  thickness  at  appropriate  wavelengths 
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Card 

Ref. 

Obs 

d (A) 

Obs 

I/I 

IGO 

ASTM 
d lA) 

^9 

^^otes 

a - Zn  S 

5-0492 

2.271 

■1 

2.273 

29 

102 

1. 1337 

mm 

1. 1364 

<01 

204 

Zn  S(IOH) 

12-688 

3.  113 

06 

3.  12 

100 

0 0 10 

2.81 

02 

2.81 

02 

106 

1 

2.469 

01 

2.  49 

02 

2 

Sr  F 

6-0262 

2.052 

>100 

2.0508 

80 

220 

1.0253 

>100 

1.0253 

07 

440 

1.  Very  broad  and  poorly  delined;  microcrystalline  or  amorphous  material. 

2.  The  (002)  spacing  of  elemental  zinc  is  2.473X,  and  is  thus  indistinguishable  from 
this  one,  within  experimental  error. 
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TABLE  18.  Results  of  X-Ray  Diffraction  Study 
of  ZaS  on,  SrF^  Substrate. 

Substrate  Orientation:  0°  A ( 1 11 ) 


Film  Thickness; 
Radiation: 


5995  A ( X/4  at  5.  3 um) 

Cu  K 35  kV.  18  mA.  Ni  Filter 
a 


Card 

Ref. 

Obs 
d (A) 

Obs 

I/I 

100 

ASTM 

d 

BH 

B 

J^otes 

1 

ZnSdOH") 

12-688 

3.6972 

100 

• • • 

• • • 

1 

1.8486 

16 

1.841 

02 

1 0 14 

1.2339 

13 

1.239 

04 

ni 

2 

Zn  S,  O^ 
2 4 

1-0162 

~5.9 

~50 

5.88 

100 

ni 

3 

SrF 

2-0262 

3.336 

>100 

3.  352 

100 

111 

2 

1.6710 

86 

1.6743 

05 

222 

1. 1149 

60 

1. 1164 

16 

511 

1.  Not  Listed:  this  spacing  is  exactly  2 times  the  observed  (10  14)  spacing  of 

ZnS(lOH). 

2.  Other  materials  halving  similar  spacings  include  elemental  zinc  (004),  1.237A  and 

ZnO  (202),  1.  238  A.  

3.  Broad,  poorly  defined;  Microcrystalline  or  Amorphous  phase  with  spacing  corr- 

esoonding  to  this  material. 
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(3.8  iJm  and/or  5.  3 iJm)  were  deposited  on  one  surface  of  CaF,  and/ or 
SrF^  substrates  having  nominal  (100),  (110),  and  (111)  orientations. 

Refractive  indices  were  obtained  from  infrared  transmission  measure- 
ments of  the  quarterwave  films,  while  absorption  coefficients  were  mea- 
sured on  the  halfwave  films.  Information  on  relative  growth  rates  was 
obtained  from  spectrophotometer  transmission  scans  of  the  halfwave 
coated  samples  in  the  visible  region  (600  to  800  nm),  as  reported  in  the 
previous  section.  Refractive  index  and  absorption  results  are  reported 
here,  with  footnotes  on  relative  growth  rates  of  the  films  added  for  pur- 
poses of  correlation. 

In  order  to  obtain  absorptance  values  (8  and  k)  for  halfwave  thicknesses 
of  coating  materials,  absorptances  for  the  uncoated  substrates  must  be 
known.  The  determination  of  the  absorption  coefficient  of  a coating  ma- 
terial on  a substrate  which  is  transparent  in  the  wavelength  region  of  the 
irradiating  laser  is  in  principle  quite  straightforward.  The  total  absorp- 
tion due  to  a coating  of  specified  thickness  is  obtained  as  a difference  in 
total  absorption  between  coated  and  uncoated  substrates.  Sequential 
measurements  on  the  same  substrate  are  utilized  to  obtain  either  a dif- 
ference in  absorption  between  coated  areas  or  a difference  in  absorption 
in  a single  location  before  and  after  coating.  The  former  method  has 
the  advantages  of  speed  and  ease  of  verification,  but  substrate  inhomo- 
geneity can  cause  difficulties.  In  the  latter  method,  substrate  inhomo- 
geneity is  eliminated,  but  verification  of  the  absorption  measurement 
on  the  uncoated  substrate  is  problematic. 

For  an  uncoated  transparent  substrate  irradiated  by  a laser  beam  in  a 
standard  adiabatic  calorimeter  configuration,  the  total  absorption  A 
IS  given  by 
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(1) 


2n 


A = 
o 


1 + n. 


Pa  / 

A T 


where  n is  refractive  index  of  the  sample,  P is  power  absorbed  by 
the  sample,  and  is  the  power  transmitted  through  the  sample.  If 
the  masses  and  heat  capacities  of  the  sample  and  calorimeter  cone  are 
known  and  irradiation  times  are  held  constant  for  a given  series  of  mea- 
surements, the  absorption  is  proportional  to  the  ratio  of  output  voltages 
from  the  sample  and  power  cone  thermocouples. 

The  total  absorptance  calculated  from  (1)  includes  both  surface  and 
bulk  contributions.  The  absorption  coefficient  for  this  substrate  is 


3 = A 

o 


(2) 


where  X is  the  sample  thickness;  again,  both  surface  and  bulk  contri- 
butions are  included.  If  a coating  is  subsequently  deposited  upon  such 
a substrate  and  a new  absorption  measurement  made,  the  total  absorp- 
tance takes  on  a value 


A = A + A, 
t o 1 


(3) 


where  A^  is  the  increase  in  total  absorptance  due  to  the  coating  alone. 
For  the  case  of  a coating  of  halfwave  optical  thickness,  A^  can  be  eval- 
uated using  (1)  and  (3)  since  the  surface  reflectivity  of  the  coated  sam- 
ple is  identical  to  that  of  the  uncoated  substrate  and  the  parenthetical 
factor  involving  n in  (1)  remains  unchanged. 


To  obtain  an  absorption  coefficient  for  a coating  of  physical  thickness 

(31) 

tj  from  a measured  value  of  A^,  we  employ  a formula  of  Loomis, 
with  minor  rearrangement. 
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\ = laser  wavelength  (vacuum). 


For  a single  coating  of  thickness  \^  / 2,  (4)  reduces  to 
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The  absorption  index  of  the  thin  film  is  then 


\ 0, 

o 1 

4tt 


(6) 


Hence,  in  order  to  obtain  the  absorption  coefficient  and  absorption  in- 
dex of  a single  layer  coating  on  a transparent  substrate,  we  require 
only  the  refractive  index  of  film  and  substrate,  the  physical  thickness 

of  the  film,  and  two  absorption  measurements.  The  method  of  mea- 

32,  33 

suring  the  absorption  has  been  discussed  in  the  literature.  ’ 

The  spectral  composition  of  the  irradiating  laser  has  been  shown  to 
be  a significant  variable  in  absorptance  measurements  at  CO  laser 
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14,  16 


32,  34 


wavelengths.  ’ In  order  to  verify  the  spectral  output  of  both  the 

CO  and  DF  lasers  enriployed  in  the  present  measurements,  spectra 
were  analyzed  using  a Jarrell-Ash  Model  78-466  scanning  spectro- 
meter with  a 50  groove/mm  grating  blazed  at  10.  0 pm  and  a Ge:Au 
detector.  Spectra  for  the  CO  laser  have  been  reported  previously, 
with  centroids  varying  from  5.  25  pm  to  5.  45  pm,  depending  upon  CO 
partial  pressure.  In  the  present  study,  with  operating  parameters  typ- 
ical of  those  employed  in  the  calorimetric  measurements  (i.  e.  6 mm 
intracavity  iris,  total  output  power  ~ 2.  8 W) , the  mean  centroid  of  two 
spectra  run  with  identical  parameters  was  5.  29  =:  . 04  pm,  with  a band- 
width of  0.  57  ^ 0.  1 pm. 


A typical  output  spectrum  for  the  CO  laser  is  illustrated  in  Figure  1. 
Table  19  is  an  attempt  at  quantitative  characterization  of  the  spectrum. 

In  this  table,  the  first  column  gives  the  wavelength  of  individual  lines 
as  measured  with  the  spectrometer  (in  air).  "Line  Identification"  (col- 
umn 2)  is  obtained  by  comparison  with  published  data.  In  the  third  col- 
umn, the  mean  intensity  of  each  line  is  divided  by  that  of  the  strongest 
line  (7-6,  P(16)),  to  obtain  a relative  intensity  scale  for  plotting  in 
Figure  1.  The  fourth  column  gives  the  mean  intensity  of  each  line  di- 
vided by  the  summed  intensity  of  all  measured  lines.  The  tabulated 
number  is  the  fraction  of  laser  power  in  any  line.  The  fifth  column, 
headed  1 AI  1 is  the  standard  deviation  of  the  relative  intensities  from 
which  column  3 was  prepared.  This  is  divided  by  the  sum  of  intensities 
and  tabulated  in  the  sixth  column  to  indicate  the  variability  of  a given 
line  as  a fraction  of  the  laser  output. 

The  DF  laser  spectrum  was  also  analyzed  in  some  detail  since  the  actual 
output  of  the  laser  in  use  in  the  calorimetry  laboratory  had  not  been  char- 
acterized previously.  The  same  spectrometer,  grating,  and  detector 
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TABLE  19.  Mean  CO  Laser  Spectrum  for  2 Runs  with 
identical  Operating  Parameters.  Mean  centroid  < \ > is 
at  5.  286  ± 0.04  Wm.  Mean  Bandwidth  is  0.  57  urn  . Out- 
put power  is  ~ 3w,  with  a 6 mm  diameter  intracavity  iris. 


X (Mm) 

Line  Ident. 

i/I, 

I/EI 

lAI  I/EI 

5. 1220 

6-5,P{15) 

0.037 

WBM 

0.  052 

0.012 

5. 1329 

6-5,P(16) 

0.211 

mm 

0.  030 

0.  007 

5. 1431 

6-5,P(17) 

0.292 

0.071 

0.017 

5. 1895 

7-6,P(15) 

0.  038 

n 

0.  054 

0.013 

5. 1999 

7-6,  P(16) 

1.  000 

WSSSm 

0.  000 

0 

5.2110 

7-6.P(17) 

0.420 

ra 

0.  303 

0.073 

5.2580 

8-7,  P(15) 

0.054 

0.013 

0.076 

5.2806 

8-7,  P(17) 

0.412 

0.  099 

0.  112 

5.3183 

9-8,  P(14) 

0.854 

0.  205 

0.  130 

0.031 

5.3907 

10-9,  P(  14) 

0.  050 

0.  012 

0.071 

0.017 

5.40125 

10-9, P(15) 

0.  169 

0.  041 

0.  115 

0.  028 

5.4130 

10-9,P(16) 

0.  031 

0.007 

0.  044 

0.011 

5.  4644 

11-10,  P(14) 

0.  223 

0.  054 

0.  315 

0.  076 

5.4888 

11-10,  P(16) 

0.043 

0 010 

0.061 

0.015 

5.5173 

12-11,  P(12) 

0.020 

0.005 

0.028 

0.007 

5.5287 

12-11, P(13) 

0.  044 

0.011 

0.063 

0.015 

5.5408 

12-11,  P(14) 

0.  062 

0.015 

0.088 

0.021 

5.5948 

13-12,  P(12) 

0.090 

0.022 

0.  127 

0.030 

5.6304 

13-12,  P(15) 

0.022 

0.  005 

0.031 

0.007 

5.6868 

14-13,  P(13) 

0.012 

0.  003 

0.0017 

0.004 

5.6976 

14-13,  P(14) 

0.064 

0.  015 

0.  023 

0.006 

5.8394 

16-15,  P(12) 

0.014 

0.003 

0.020 

0.005 
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employed  with  the  CO  laser  were  used  to  analyze  the  DF.  Typical  oper- 
ating parameters  for  calorimetric  measurements  were  used.  These  in- 
clude a helium  partial  pressure  of  ~4  Torr,  with  about  1.2  Torr  each 
of  SF^  and  D^,  and~0.  1 Torr  of  0^  for  a total  of  6-8  Torr.  The  dis- 
charge tube  is  operated  at  a voltage  of  ~13  kV  and  current  of  ~450  mA 
to  produce  2-4  W total  power.  Cavity  temperature  is~65°C.  Seven 
spectra  were  run  over  a three -day  period  and  the  results  averaged  to 
obtain  a composite  spectrum,  presented  in  Figure  2 and  Table  20. 

In  general,  it  appears  that  the  overall  spectrum  is  very  stable  with  re- 
spect to  centroid  (~3.  9 Um)  and  bandwidth  (~0.  3 Um),  but  individual 
lines  are  highly  variable.  Table  20  is  an  attempt  at  quantitative  char- 
acterization of  this  aspect  of  the  spectrum.  In  this  table,  the  first  col- 
umn gives  the  wavelength  of  individual  lines  as  measured  with  the  spec- 
trometer (in  air).  "Line  Identification"  (column  2)  is  obtained  by  com- 

17  18  - 

parison  with  published  data.  ’ Column  3 (1)  gives  the  mean  rela- 
tive intensity  of  each  line.  The  tabulated  number  was  obtained  by  first 
determining  the  intensity  of  the  line  in  question  in  each  of  the  seven 
spectra,  relative  to  the  strongest  line  in  that  spectrum  taken  as  1.0, 
and  then  averaging  the  results  over  all  seven  spectra.  (If  a line  was 
absent  from  a particular  spectrum,  its  intensity  was  counted  as  0.  ) 

The  mean  relative  intensities  in  column  3 of  the  table  were  divided  by 
the  sum  of  all  of  the  mean  intensities  to  obtain  the  fraction  of  the  total 
laser  energy  in  any  given  line,  listed  in  the  fourth  column.  The  fifth 
column,  headed  "A  I " gives  the  standard  deviation  of  the  mean  relative 
intensities  in  column  3.  This  is  divided  by  the  sum  of  the  intensities 
to  determine  the  variability  of  a given  line  as  a fraction  of  the  total 
laser  output  and  tabulated  in  the  sixth  column.  In  the  seventh  column, 
the  mean  relative  intensity  of  each  line  is  divided  by  that  of  the  strong- 
est line  (2-1,  P(10)  ),  to  obtain  a relative  intensity  scale  for  plotting 
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DF  LASER  SPECTRUM  COMPILED  FROM  7 RUNS  OVER 


1 


( tU  Tf  ) < 


TABLE  20.  Laser  Spectrum  nnmpilccl  from  7 Runs  on  3 Days.  Mean  Contruid  < X.  > of  All  Spectra 

1s  3.89  i .025  p n».  Mean  ftaiulwirlth  of  All  Spectra  is  0.297  pm  + 0.  028  pm.  For 
Intlivldual  Lines.  Tabulated  K.  May  Vary  by  ± 0.0007  pm  From  Run  to  Run. 


r 


in  Figure  2.  Note  that  this  number  is  also  the  fraction  of  total  laser 
energy  appearing  in  an  individual  line,  relative  to  the  strongest  line  in 
the  composite  spectrum.  Finally,  the  last  column  of  the  table  desig- 
nates the  number  of  spectra,  (out  of  a total  of  7)  in  which  an  individual 
line  had  non-zero  intensity. 

Results  of  the  coating  absorptance  measurements  carried  out  to  date 
under  the  contract  are  presented  in  Tables  21-24,  along  with  refractive 
indices  determined  from  quarterwave  films.  The  absorption  coefficient, 
8,  is  tabulated  rather  than  the  absorption  index,  k,  for  convenience. 

The  absorption  index  can  of  course  be  obtained  from  the  S values  using 
equation  (6). 

All  values  tabulated  here  differ  from  those  presented  in  the  previous 

quarterly  report  (May,  1977)  as  a result  of  recalculation  using  the  pro- 
35 

gram  of  Loomis  for  a single  layer  film  on  the  exit  surface  of  a trans- 
parent window  and  correction  of  an  error  in  the  original  calculation 
using  equation  (5). 


Some  general  features  of  the  data  are  worth  noting.  It  appears  that  the 
coating  materials  fall  into  three  broad  groups,  based  on  absorption; 

(1)  those  having  8 values  between  ~ 1 and~7  cm  , (the  low  absorption 
group);  (2)  those  having  3 values  between  ~ 9 and~20  cm  ^ (the  inter- 
mediate group);  and  (3)  those  having  9 values  of  20  cm  ^ or  more, 
ranging  up  to  100  cm  ^ (high  absorption  group). 


The  sum  of  the  standard  deviation  of  the  absorption  measurements  on 
the  uncoated  and  coated  substrate  is  a measure  of  the  precision  of  the 
coating  absorption  determination.  Since  this  determination  involves 
the  subtraction  of  two  numbers  with  similar  errors,  the  precision  of 
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TABLE  2Z  ABSORPTION  COEFFICIENTS  OF  OXIDE,  SULFIDE.  AND  SaENIDE  COATING 
MATERIALS  MEASURED  BY  DF  LASER  CALORIMBRY  ON  COATINGS  OF  HALF- 
WAVE OPTICAL  THICKNESS  AT  A DESIGN  WAVELENGTH  OF  3.8  p m. 
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TABl£  23.  ABSORPTION  COEFFICIENTS  OF  FLUORIDE  COATING  MATERIALS  MEASURED 
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TABLE  24,  ABSORPTION  COEFFICIENTS  OF  OXIDE.  SELENIDE,  AND  SULFIDE  COATING 
MATERIALS  MEASURED  BY  CO  LASER  CALORIMETRY  ON  COATINGS  OF  HALF- 


R«t**rch  and  Taclmoloty  Center 


the  results  will  vary.  The  error  in  the  coating  absorption  determination 
for  the  low  absorption  group  is  of  the  order  of  10  to  15  7o;  that  for  the 
intermediate  and  high  absorption  groups  is  3 to  5%. 


In  general,  differences  among  materials  are  greater  than  differences 
among  substrate  orientations  for  the  same  coating  material.  However, 
differences  among  substrate  orientations  for  the  same  coating  may 
amount  to  factors  of  2 to  4 (e.  g.  ZnSe  on  SrF^  at  3.  8 pm.  Table  22,  or 
on  CaF^  at  5.  3 pm.  Table  24).  Structural  and  growth  rate  data  are  now 
available  for  establishing  correlations  among  these  properties.  This 
will  be  carried  out  during  the  final  phase  of  the  effort. 

5.  FUTURE  PLANS 

The  most  critical  tasks  required  to  complete  the  contract  include: 

(1)  0L  vs.  L measurements  on  PbF^,  ThF^,  and  SiO  films  for 
halfwave,  fullwave,  and  one  and  one-half  wave  thicknesses 
at  3.  8 pm; 

(2)  Optimization  of  deposition  conditions  for  ZnS  and  ZnSe  ; 

(3)  Deposition  and  characterization  of  AR  coatings  on  single 
and  polycrystalline  substrates: 

(4)  Tests  to  establish  the  tolerance  of  -^2^3'  ^^^2’  ^^^4' 

ZnS,  and  ZnSe  films  to  an  HF  environment. 

(1),  (3),  and  (4)  have  been  initiated  at  this  point  in  time.  A first  round 

of  0L  vs.  L measurements  has  been  carried  out  with  PbF^  films  on 

CaF  (111)  substrates  at  a design  wavelength  of  5.3  pm.  These  exper- 
^ -1 

iments  yielded  a 6 value  of  0.  26  cm  for  the  coating  material  and  an 

-4 

absorptance  of~l  x 10  for  the  "coated  surface"  of  the  substrate. 
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This  3 is  quite  encouraging  and  the  technique  shows  promise  for  iso- 
lating the  absorptance  of  the  coating  material  itself  from  that  of  the 
substrate/coating  interface  and  the  coating/air  interface.  Hence,  we 
plan  to  carry  out  such  measurements  for  three  of  the  most  promising 
coating  materials  deposited  on  three  substrate  orientations. 

Three  sam.ples  comprising  ThF^/SiO  AR  coatings  on  single  crystal 
CaF^  substrates  1.52  in.  in  diameter  have  been  fabricated,  character- 
ized, and  submitted  to  John  Detrio  of  UDRI  for  damage  testing.  Fab- 
rication and  characterization  of  other  designs  on  single  and  polycrystal- 
line substrates  will  continue  in  the  final  phase  of  the  effort. 
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1.  INTRODUCTION 


Progress  during  the  second  half-year  (January  through  Jyirte,  1977) 

under  Contract  No.  N00123 -76 -C - 132  1 is  reported  here.^^The  report 

is  divided  into  four  sections  covering  coating  materials  and  deposition, 

coating  structure,  orientation,  and  growth  rates,  coating  properties 

(refractive  indices  and  absorption  coefficients),  and  future  plans.  ' 

^ u irv  ' ^ < i i/'  ' j Ir -wi  ^ 

2.  COATING  MATERIALS  AND  DEPOSITION 

Successful  deposition  of  thin  film  coatings  requires  careful  control  of 
the  evaporation  technique  and  the  associated  parameters.  Currently, 
thermal  evaporation  in  a high  vacuum  is  the  technique  that  is  most  fre- 
quently used  to  deposit  film  coatings.  Thermal  evaporation  in  a high 
vacuum  has  been  extensively  developed,  and  two  of  the  most  common 
modes  of  evaporation  are  resistance  heating  and  electron-beam  heating. 
Both  modes  of  evaporation  are  widely  used,  and  it  is  r'*l?tively  easy  to 
produce  good  optical  coatings.  In  spite  of  this  favor  jpect,  results 

of  investigations  of  the  properties  of  evaporated  films  have  not  always 
shown  the  expected  consistency.  The  cause  of  these  discrepancies 
probably  does  not  lie  in  the  method  of  evaporation  itself,  but  rather  in 
the  lack  of  control  of  the  many  experimental  parameters. 

The  quality  of  the  optical  coating  materials  depends  on  the  purity  of  the 
starting  materials  and  the  method  of  preparation.  Since  impurities  can 
increase  optical  absorption  as  well  as  initiate  a variety  of  macroscopic 


or  structural  defects,  commercial  materials  of  highest  purity  must  be 
used.  The  purity  is  frequently  given  in  percentage  of  the  main  material 
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up  to  99.9999%:  the  remainder  consisting  of  unknown  impurities.  Al- 
though this  number  indicates  ultrapure  material,  it  still  contains  a C 

great  number  of  impurity  atoms  per  cubic  centimeter.  It  is,  therefore,  
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necessary  to  know  the  kind  and  concentration  of  all  impurities.  A 
variety  of  methods  exist  for  the  detection  and  determination  of  impurity 
concentration.  The  most  important  are  x-ray,  optical  absorption,  and 
mass  spectroscopy.  Knowing  the  impurities  present,  it  is  essential  to 
determine  which  ones  actually  influence  the  respective  properties. 

These  impurities  must  be  removed  or  at  least  reduced  in  concentration. 
Coating  materials  of  desired  purity  are  only  available  when  a material 
has  attained  broad  application.  In  most  cases,  it  has  to  be  purified: 
this  is  quite  an  involved  operation.  Drying  is  very  essential  if  the 
material  is  contaminated  by  water  in  any  form.  The  effects  of  absorbed 
moisture  are  so  pronounced  that  they  completely  mask  the  normal  aging 
and  the  basic  loss  mechanism.  Adsorbed  or  trapped  water  or  hydroxyl 
ions  can  be  eliminated  by  drying  under  vacuum  and  slowly  increasing 
the  temperature  to  the  level  at  which  the  loosely  bound  water  is  removed 
by  diffusion  and  evaporation.  True  oxide  or  hydroxide  compounds  in 
solid  form  are  not  removable  by  this  means,  but  require  chemical  reac- 
tion in  some  form,  (i.  e.  , scavenging  by  a reactive  atmosphere). 

Coating  materials  employed  in  the  program  are  listed  and  identified  as 
to  source  and  nominal  purity  in  Table  1.  In  all  cases,  these  materials 
represent  the  highest  purity  commercially  available.  No  attempt  was 
made  to  further  purify  any  of  these  materials.  All  were  subjected  to 
x-ray  diffraction  analysis  to  determine  phase  composition  and  identify 
impurities.  Results  were  reported  in  the  first  quarterly  report  (Sep- 
tember, 1976),  for  all  materials  except  Lanthanum  Fluoride  and  Silicon 
Monoxide.  Results  for  LaF^  are  presented  in  Table  2.  In  this  table, 
the  firjt  column  identifies  the  material  and  phase  determinable  from  the 
diffraction  line.  The  second  column,  headed  "Card  Ref.  ''  refers  to  the 
ASTM  Powder  Diffraction  File  Card  on  which  the  data  for  the  material 

or  phase  in  question  are  tabulated.  The  columns  headed  "Obs.  d(A)" 

0 

and  "Obs.  " 8^''’®  the  interplanar  spacing  in  A and  relative  intensity 
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TABLE  1. 


COATING  MATERIALS 


i 

1 

i 

A1  0 
2 3 

Random.  Chunks  of  UV-Grade  Sapphire,  Union  Carbide 
Corporation,  San  Diego,  Calif. 

i 

i 

La 

Kot-Pressed  Tablets,  99.9%  Purity,  Balzers  High 
Vacuum  Corp.  , Santa,  Ana,  Calif. 

Mg 

Fused  Granules,  99-99%  Purity,  Balzers  High  Vacuum 
Corp. , Santa  Ana,  Calif. 

Mg  0 

Hot-Pressed  Tablets,  99.95%  Purity,  Balzers  High 
Vacuum  Corp. , Santa  Ana,  Calif. 

Pb  F^ 

Fused  Granules,  9.9.99%  Purity,  Balzers  High  Vacuum 
Corp.  , Santa  Ana,  Calif. 

Si  O 

Linde  Select  Grade,  R.  D.  Mathis  Company,  Long  Beach, 
California. 

SrF^ 

Random  Chunks,  Optical  Grade,  EMCO  Sales,  Anaheim, 
California. 

Tb  F, 
4 

Fused  Granixles,  99.9%  Purity,  CERAC,  Milwaukee, 
Wisconsin. 

Tb  F^ 
4 

Fused  Granules,  99-9%  Purity,  Balzers,  High  Vacuum 
Corp. , Santa,  Ana,  Calif. 

Zn  S 

Hot-Pressed  Tablets,  99%  Purity,  Balzers  High  Vacuum 
Corp. , Santa  Ana,  Calif. 

Zn  Se 

Granules,  99-99%  Purity,  Balzers  High  Vacuum  Corp.  , 

Santa  Ana,  C alii. 
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TABLE  2 . Results  of  X-Ray  Diffraction  Study 

of  LaF^  Coating  Material. 

Material  Source,  Condition,  Purity  : Balzers  Ch72-390/3 


Radiation 


As  Received,  Ground 


CuK  35  kV.  18  mA.  Ni  Filter 
a 


Material 


Card 

Ref. 


8-461 


LaOF 


5-0470 


d (X  ) 


3.  667 
3.  580 
3.  218 
2.  5615 

2.  0213 
1.8024 

1.  7477 
1.4455 
1. 3346 
1. 1872 

3.  348 

2.  905 
2. 0606 
1.7634 


Notes 


of  diffraction  peaks  observed  in  the  present  study.  To  facilitate  com- 
parison and  emphasize  pecularities  of  the  evaporant  material,  the  Pow- 
der Diffraction  File  data  are  also  tabulated  in  columns  headed  "ASTM 
d (A)"  and  "ASTM  Miller  indices  (hkl)  of  the  respective  diffrac- 

ting planes  are  also  tabulated  when  given  on  the  cards.  The  main  fea- 
ture of  this  analysis  worth  noting  is  that  diffraction  lines  for  LaOF 
(which  should  be  present  only  in  trace  amounts  as  an  impurity)  are  as 
intense  or  more  intense  than  those  for  LaF^,  the  nominal  coating  mate- 
rial. 

Although  the  intensity  of  diffracted  x-rays  is  not  simply  proportional 
to  the  amount  of  a given  phase  present  in  a sample  (due  to  losses  from 
absorption,  preferred  orientation,  etc.),  such  high  relative  intensities 
indicate  that  LaOF  is  a major  constituent  of  the  coating  material.  If 
this  material  is  redeposited  on  substrates  during  evaporation,  coating 
inhomogeneities  and  high  absorptance  in  the  mid-infrared  would  be  ex- 
pected. The  redeposition  of  this  material  in  addition  to  oxides  and  hy- 
droxides of  Lanthanam  is  in  fact  found  in  conjunction  with  a very  high 
absorption  coefficient  at  3.  8 nm,  as  will  be  demonstrated  in  successive 
sections  of  this  report. 

Silicon  monoxide  was  also  subjected  to  x-ray  diffraction  analysis,  with 
the  expectation  that  it  would  be  amorphous  to  x-ray  and  show  no  diffrac- 
tion peaks.  This  expectation  was  very  nearly  fulfilled.  A single,  broad, 
very  weak  diffraction  peak  attributable  to  a quartz  (101)  with  a spacing 
of  approximately  3.  348 A was  detected.  This  is  not  unexpected  and 
should  cause  no  particular  concern  for  the  3.8  nm  wavelength  region. 
Although  SiO^  itself  is  not  especially  detrimental  to  coating  absorption 
in  the  mid  infrared,  its  tendency  to  act  as  a getter  for  water  is  a prob- 
lem. Thus,  a film  consisting  of  SiO  and  redeposited  SiO^  could  absorb 
heavily  at  5.  3 |am  or  2.  7 Mm  if  it  contained  trapped  water.  This  will  be 
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discussed  in  connection  with  absorption  results  in  a later  section. 

In  the  vacuum  deposition  of  thin  films  by  an  evaporation  process,  know- 
ledge of  the  substrate  temperature  and  its  control  is  often  very  impor- 
tant. In  fact,  the  substrate  temperature  plays  an  especially  important 
role  for  the  whole  condensation  process.  It  controls  the  surface  mo- 
bility of  the  condensing  atoms  or  molecules  and  determines  the  degree 
of  disorder  of  the  growing  film.  Film  adhesion  and  durability  are  im- 
proved by  heating  the  substrates  prior  to  and  during  deposition.  Of 
paramount  importance  is  the  removal  of  adsorbed  gases  from  the  sub- 
strate. Thus  water  removal  is  one  of  the  main  reasons  for  heating 
substrates  prior  to  deposition. 

In  practice  a wide  range  of  substrate  temperatures  is  employed.  The 

deposition  of  metal  oxides  requires  substrate  temperatures  of  approx- 

o 1 

imately  300  C to  obtain  optimal  film  properties.  On  the  other  hand, 

zinc  sulfide  should  be  deposited  at  a substrate  temperature  below  180°C 

2 

to  provide  a compromise  between  reevaporation  and  film  durability. 

If  a low  substrate  temperature  is  required  to  obtain  a desired  film  prop- 
erty such  as  minimal  scattering,  and  if  this  temperature  is  too  low  to 
remove  water  vapor  from  the  substrate,  then  the  substrate  can  be  pre- 
heated to  remove  the  water  vapor  and  subsequently  cooled  to  the  re- 
quired deposition  temperature.  Glow  discharge  cleaning  can  also  be 
used  in  this  situation. 

Since  the  index  of  refraction  of  the  films  and  film  structure  are  a func- 
tion of  substrate  temperature,  it  is  important  that  both  substrates  and 
monitoring  pieces  be  maintained  at  a uniform  and  constant  temperature 

throughout  the  deposit  cycle.  A typical  substrate  heater  is  described 
3 

by  Mattauch  and  the  measurement  and  control  of  substrate  temperature 

4 

is  discussed  by  Hanson,  et  al. 
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The  objective  in  vacuum  evaporation  is  nearly  always  to  deposit  films 
to  certain  specifications.  If  the  specification  is  primarily  one  of  thick- 
ness, it  is  sufficient  to  determine  when  the  accumulated  deposit  has 
reached  the  desired  value  so  that  the  deposition  process  can  be  termi- 
nated. However,  intensive  film  properties  such  as  density,  stress, 
crystallinity,  and  index  of  refraction  depend  on  the  rates  at  which  the 
evaporant  and  residual  gas  molecules  arrive  at  the  substrate.  It  is 
therefore  necessary  to  maintain  specified  evaporation  rates.  The  influ- 
ence of  the  deposition  rates  on  the  index  of  refraction  of  SiO  has  been 

5 

studied  by  Hass,  et.  al.  A high  rate  of  deposition  corresponds  to  a 
high  index  of  refraction,  whereas,  a slow  rate  of  deposition  corresponds 
to  a low  index  of  refraction. 

Reviews  kness  and  rate  monitors  have  been  given  by  Steckelmacher 

and  Be  The  control  of  evaporation  rate  is  a more  complex  task 

than  - ss  control  because  it  requires  adjustment  of  the  source  temp- 

erature. 

All  coating  depositions  required  for  this  program  were  carried  out  in  a 
commercial  vacuum  system  (Balzers  Model  710)  which  is  equipped  with 
an  oil  diffusion  pump  and  a liquid  nitrogen  trap.  This  system  is  capable 
of  routinely  maintaining  pressures  of  the  order  of  10  ^ Torr  and  is 
equipped  with  a substrate  heater  and  a thin  film  monitor  to  control  de- 
position rate  and  film  thickness.  Proper  control  of  the  thickness  of  each 
layer  is  afforded  by  observing  the  reflectance  at  the  control  wavelength 
of  a suitably  positioned  monitor  plate  in  the  coating  chamber  and  stopping 
deposition  when  the  reflectance  reaches  a predetermined  level.  In  all 
cases,  care  is  taken  to  ensure  the  uniformity  of  the  thickness  of  the 
layers.  In  order  to  obtain  uniform  layers,  the  window  substrates  are 
rotated  above  the  evaporation  source  during  the  deposition  process. 
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Deposition  parameters  utilized  in  this  program  are  summarized  for 
each  material  in  Table  3.  Electron  beam  heating  was  employed  in  the 
evaporation  of  slightly  more  than  half  of  the  materials,  while  thermal 
evaporation  from  a boat  was  utilized  in  the  balance  of  the  cases. 

Clean  substrate  surfaces  are  a prerequisite  for  successful  coatings. 

The  slightest  amount  of  contamination  can  cause  an  immense  amount 
of  harm  in  the  coating  deposition  process  as  well  as  an  increase  in 
surface  absorption.  Cleaning  is  an  art  rather  than  a science  and, 
therefore,  there  is  a great  diversity  of  opinion  on  what  constitutes  a 
"good"  procedure  for  cleaning  substrates  prior  to  coating  them.  A 
full  treatment  of  various  methods  for  cleaning  glass  substrates  is  given 

g 

by  Holland.  However,  the  sensitive  nature  of  the  highly  polished 
surfaces  of  the  fluoride  windows  requires  the  avoidance  of  such  harsh 
cleaning  procedures,  since  serious  damage  to  the  delicate  optical  sur- 
faces can  be  the  result  of  improper  cleaning  techniques. 

The  cleaning  process  utilized  at  Northrop  to  clean  the  fluoride  windows 
prior  to  the  deposition  of  the  coating  has  been  more  or  less  conventional. 
Before  the  windows  are  placed  into  the  system  for  coating,  they  are 
cleaned  in  a solution  of  detergent  and  warm  water,  then  rinsed  with  dis- 
tilled water  and  alcohol  and  blown  dry  with  nitrogen  gas.  The  coating 
system  is  pumped  down  to  a pressure  of  less  than  10  ^ Torr  and  a pres- 
sure of  less  than  5 x 10  ^ Torr  is  maintained  during  the  coating  depo- 
sition. The  windows  are  heated  to  the  desired  substrate  temperature 
and  just  prior  to  coating  deposition  they  are  subjected  to  a glow  dis- 
charge cleaning.  So  far  this  procedure  has  been  adequate  for  cleaning 
the  fluoride  surfaces  prior  to  the  deposition  of  antireflection  coating 
designs,  and  for  calorimetric  absorption  measurements. 


! 
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TABLE  3.  DEPOSITION  PARAMETERS 


m 


3.  COATING  STRUCTURE,  ORIENTATION,  AND  GROWTH. 

Crystal  structures,  preferred  orientation,  and  growth  characteristics  of 
thin  films  investigated  under  this  contract  are  detailed  in  this  section. 
X-ray  diffraction,  utilizing  a General  Electric  XRD-6  diffractometer 
with  a copper-target  tube  operated  at  35kV  and  18  mA,  provided  the  raw 
data.  A nickel  filter  was  used  to  obtain  CuK^  radiation  (\  = 1.5405  A). 
Patterns  were  taken  using  a scan  speed  of  2°  ( 29)  per  minute  and  a time 
constant  of  0.  5 in  all  cases,  slit  widths,  detector  sensitivity,  and  gain 
settings  were  varied  as  required  to  obtain  optimum  resolution  and  peak 
height.  Tabulated  values  of  d vs.  29  obtained  from  the  Bragg  law,nA  = 
2dsin9,  were  used  to  reduce  the  data. 

The  thin  film  materials  are  grouped  and  discussed  on  the  basis  .f  chem- 
ical composition,  i.  e.  fluorides,  oxides,  selenides  and  sulfides.  Within 
each  group,  they  are  arranged  in  alphabetical  order,  i.  e.  L.aF^,  MgF^, 
PbF^,  . . . 

Lanthanum  Fluoride,  L.aF^  _ 

LaF^  crystallizes  in  the  hexagonal  system  with  space  group  P6^/mmc; 

0 

the  unit  cell  dimensions  are  given  as  = 7.  184A,  c^  = 7.351  on  the 

ASTM  card  (#8-461),  while  Wyckoff^  gives  a = 3.148A.  E.xperimental 

o 

results  of  .x-ray  diffraction  scans  of  LaF^  films  (halfwave  at  3.8  [um)  on 
three  different  orientations  of  CaF^  substrates  are  presented  in  tables 
4,  5,  and  6.  Two  salient  features  of  these  results  are  the  moderate  to 
strong  preferred  orientation  in  the  films  with  some  evidence  of  corr- 
elation with  the  substrate  orientation  and  the  strong  peaks  attributable 
to  LaOF,  La^O^,  and  LaO  OH  occurring  on  (100)  and  (111)  substrate 
orientations. 
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TABLE  4 


Results  of  X-Ray  Diffraction  Study 
of  La  F on  CaF  Substrate. 


Substrate  Orientation: 


1°  A(  100) 


Film  Thickness:  12.  500  A (X  /2  at  3.8  ^m) 


Radiation: 


CuK  35kV.  18mA.  Ni  Filter 
a 


Card 

Ref. 


8-461 


d (A) 


1.8024 

1,0066 


astm  astm 

. 

d (J\  100 


1.8064 

1.0078 


6-0281  1.5087 


1. 503 


19-656  3.015 


3.  04 


4-0864 


2.  724 
1.  3633 


2.  732 
1.  366 


of  F on  CaF  Substrate. 
Substrate  Orientation:  3*^  A (110) 

Film  Thickness:  12,  500  A (X/2  at  3.  8 Mm) 

„ . CuK  35  kV.  18  mA.  Ni  Filter 

Radiation:  a 


TABLE  6 . 


Results  of  X-Ray  Diffraction  Study 
of  Substrate. 

Substrate  Orientation;  1 A ( 1 1 1 ) 

Film  Thickness:  12,  500  k ( \ 12  at  3.8  ^m) 

CuK  35  kV.  18  mA.  Ni  Filter 
Radiation:  _o 


Card 

Ref. 

Obs 
d (A) 

Obs 

I/I 

100 

ASTM 

d (A) 

■iSHi 

Notes 

LaF, 

8-461 

3.672 

76 

3.67 

40 

002 

3 

3.580 

18 

3.59 

32 

no 

2.070 

04 

2.075 

51 

300 

1.8364 

10 

1.8377 

05 

004 

1.8024 

03 

1.8064 

33 

302 

1.7400 

06 

1.7451 

20 

221 

1.2239 

03 

1.2254 

02 

006 

1.619 

01 

1.  1601 

02 

116 

La-  O- 

5-0602) 

3.477 

100 

(3.41 

34 

100  ) 

1 

2 3 

24-5541 

(3.51 

30 

100  f 

CaF- 

4-0864 

3. 1399 

> 100 

3.  153 

94 

111 

z 

1.5751 

28 

1.5765 

"" 

222 

The  spacing  of  3.41  A corresponds  to  a h^xatjonal  form  of  La^  O,  at  room 
temperature,  while  3.  51A  was  obtained  on  the  material  at  2100®  C.  Hence, 
it  appears  that  a high  temperature  form  of  the  oxide  is  quenched  in  the  thin 
film  at  room  temperature. 
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If  LaF^  exhibits  a preferred  orientation  on  (100)  CaF^,  it  would  appear 
to  be  (111).  However,  the  other  peaks  of  near  half  the  (111)  intensity 
indicate  a high  degree  of  randomness  in  the  thin  film  orientation.  On 
the  other  hand  the  single  strong  peak  arising  from  LaOF  indicates  a 
very  strong  preferred  orientation  in  that  phase.  The  source  of  the  latter 
material  is  undoubtedly  the  coating  raw  material  itself,  which  contains 
an  abundance  of  it  (table  2). 

On  (110)  CaF^i  LaF^  shows  a strong  (100)  preferred  orientation  as  indi- 
cated by  the  intensity  of  the  (300)  peak  in  table  5.  It  appears  that  an 
appreciable  fraction  of  crystallites  in  the  coating  material  have  taken 
a (302)  orientation.  The  interplanar  spacing  of  LaF^  in  these  two  orien- 
tations is  within  approximately  7%  of  the  CaF^  (220)  spacing  in  the  (110) 
direction  (i.  e.  normal  to  the  [llO]  substrate  surface).  This  indicates 
influence  of  the  coating  orientation  by  the  substrate  structure. 

The  La  O peak  on  (110)  CaF  is  not  particularly  strong.  Although  sub- 

Ct  J 

stantially  equal  quantities  of  contaminants  should  deposit  on  all  substrate 
orientations  in  films  of  this  thickness,  it  is  possible  that  the  crystallite 
size  of  this  material  is  very  small  and  orientation  near  random,  so  that 
diffraction  peaks  are  very  weak. 

On  (111)  CaF  , LaF  exhibits  a strong  (001)  preferred  orientation,  with 
a minority  of  crystallites  oriented  near  (100)  and  (110).  This  orientation 
of  (hexagonal)  corresponds  to  the  3 -fold  symmetry  of  the  (111) 

CaF^  surface.  The  single  La^O^  peak  is  again  very  strong,  showing 
marked  preferred  orientation  and  an  appreciable  quantity  of  material. 

The  large  spacing  may  indicate  that  a high  temperature  form  of  the  oxide 
is  quenched  in  the  thin  film  at  room  temperature. 
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On  SrF  , LaF  films  show  preferred  orientation  similar  to  that  on  CaF  . 

On  (100)  SrF^,  LaF^  has  a predominantly  (111)  orientation  with  strong 
(100)  and  (110)  type  peaks,  again  indicating  a high  degree  of  randomness 
as  on  CaF  (100).  On  SrF_  (110),  LaF  shows  a strong  (HO)  orientation, 
unlike  its  behavior  on  (110)  CaF^.  La  (OH)^  shows  one  strong  peak  (201), 
indicating  strong  preferred  orientation  of  this  impurity  on  (110).  In  addi- 
tion, the  patterns  for  both  (110)  and  (111)  SrF^  substrates  indicate  sig- 
nificant microcrystalline  or  amorphous  material  with  spacings  in  the  4 
to  6 A region.  The  orientation  of  LaF^  on  (111)  SrF^  is  again  the  basal 

(001)  orientation  shown  on  CaF^,  Relative  growth  rates  of  LaF^  on  CaF^ 
and  SrF^  are  indistinguishable  for  the  three  orientations  studied,  as  re- 
ported in  the  previous  quarterly  report  dated  May,  1977  (figures  1 and  2 
of  that  report). 

Magnesium  Fluoride.  MgF^  _ 

Magnesium  Fluoride  crystallizes  in  the  tetragonal  cassiterite  (SnO^) 

10  11  • A 

structure  ’ with  space  group  P4/mnm,  a^  = 4.  623A,  c^  = 3.  052  A, 

Z = 2.  Another  form  designated  a - MgF  , also  tetragonal,  with  cell 

. , . ^ 12 
dimensions  a = ^.^2.1^  c - 6.  172A  has  been  reported 
o o 

On  CaF^  (100),  it  takes  a strong  (001)  orientation,  with  slightly  smaller 

(002)  spacing  (1.511A)  than  the  tabulated  value  of  1.526A.  Very  weak 

a-  MgF^  (440)  and  (216)  lines  are  also  observed  with  the  tabulated  spacings. 

On  CaF  (110),  MgF  (211)  and  (112)  have  equal  intensity,  while  (110) 

2 2 

has  70%  of  this  maximum  intensity.  Hence,  this  is  a more  or  less  ran- 
domly oriented  film.  On  CaF^  (111),  a very  weak  a - MgF^  (800)  line 
is  observed  at  1.  161A.  The  only  other  diffraction  line  in  the  pattern  not 
arising  from  the  substrate  has  a spacing  of  3.477A,  or  three  times  the 

a-  MgF  (800)  spacing.  This  may  indicate  a distorted  a - MgF  structure 
2 ^ 


with  strong  preferred  orientation.  On  SrF^,  MgF^  coatings  are  highly 
stressed  and  exhibit  crazing  and  other  defects.  They  show  no  X-ray 


diffraction  peaks,  indicating  either  that  no  long  range  order  is  developed 
or  that  crystallites  are  too  small  to  diffract  X-rays  to  yield  significant 
peaks.  Growth  rates  of  MgF^  on  both  CaF^  and  SrF^  are  indistinguish- 
able among  (100),  (110),  and  (111)  substrate  surfaces. 

Iiead  Fluoride  ' 

PbF^  crystallizes  in  two  polymorphs  with  a transition  temperature  near 
250° C.  One  of  these,  a - PbF  , is  orthorhombic  with  space  group  Pbnm, 

^ f f 10 

and  lattice  parameters  a = 7.  357A,  b = 4269A,  c =3.891A.  The 
^ o o o 

unit  cell  contains  four  formula  units  of  PbF^.  This  structure  is  of  the 

PbC  1 type,  in  essence  a distorted  cubic  close  packing  of  halogen  atoms 

^ 10 
with  lead  atoms  accommodated  in  the  same  plane  with  them  ; this  phase 

has  a higher  atomic  packing  density  than  the  cubic  6 - phase  and  hence 

should  be  stable  at  lower  temperatures.  The  cubic  0 - PhF^  polymorph 

has  the  fluorite  structure  with  space  group  Fm3m  and  unit  cell  dimension 

• 10 
n = 5.927A;  the  unit  cell  contains  four  formula  units  of  PbF  . It  was 
o 2 

found  previously  that  both  phases  occurred  in  quarterwave  thicknesses 
(at  5.  3 n m)  of  PhF^  deposited  on  single  crystal  CaF^  substrates  main- 
tained at  200° C,  with  the  cubic  S - phase  predominating  and  taking  an 
orientation  parallel  to  the  substrate,  with  a mismatch  of  the  order  of 
8%.  The  growth  rate  of  these  films  was  found  to  vary  with  substrate 
orientation,  being  ~ 3%  faster  on  (110)  than  on  (100)  and  (111). 

Results  of  the  present  work  are  presented  in  tables  7,  8,  and  9.  On 
CaF^  (100),  9-  PbF^  takes  a very  strong  (111)  preferred  orientation, 
with  minor  (331)  and  (511)  lines.  This  contrasts  sharply  with  the  previous 
X-ray  and  electron  diffraction  results,  which  showed  a (100)  orientation 
throughout  the  bulk  of  the  film  and  a (110)  orientation  near  the  free  surface. 
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TABLE  7.  Res-j.ts  of  X-Ray  Diffraction  Study 
of  ^2 

Substrate  Orientation:  1'^  A (100) 


Film  Thickness: 
Radiation:  


10,900A  ( A /2  at  3.8  jxm) 

CuK  35  kV.  18  mA.  Ni  Filter 
a 
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o.  rtesuits  oi  ^-x\.ay  jjinraccion  acucy 
of 

Substrate  Orientation:  5°  A ( 1 10  ) 

Film  Thickness:  10,980  A ( \/2  at  3.  8 ^m) 


„ . CuK  35  kV.  18  mA.  Ni  Filter 


r 


Aesuj-ts  0£  A-Aay  uiiiraciion  acuay 
of  Pb  on  ^^^2  ^'^^strate. 


1.8®  A ( 111) 


Substrate  Orientation:  

Film  Thickness:  10,98QA(  \/2  at  3.8  gm) 

_ CuK  35  kV.  18  mA.  Ni  Filter 

Radiation:  a 


The  a-  PbF^  in  the  present  study  is  oriented  near  (001):  in  the  previous 
work  it  showed  a (012)  orientation. 


On  the  (110)  surface  of  CaF^,  3 - PbF^  is  the  only  phase  present,  show- 
ing equally  strong  (110)  and  (111)  orientations  (Table  8).  In  previous 
work,  a very  strong  (110)  orientation  with  minor  (111)  and  a-  Pbi  ^ (103) 
lines  was  determined.  On  (111)  CaF^,  the  (111)  orientation  of  B-  PbF^ 
predominates  (Table  9),  with  minor  (420)  and  (511)  lines.  The  a - phase 
takes  a predominant  (001)  orientation,  with  minor  lines  of  higher  index. 
The  general  behavior  of  PbF^  on  (111)  CaF^  is  in  accord  with  previous 
results. 


Present  results  on  relative  growth  rates  of  PbF^  on  the  three  substrate 
orientations  show  fastest  growth  on  (110)  followed  by  (HI)  and  (100), 
again  in  accord  with  previous  results.  Hence,  it  is  difficult  to  recon- 
cile structure  and  growth  rate  data  in  the  two  sets  of  experiments.  Pres- 
ent results  suggest  that  the  preferred  gro’wth  direction  of  PbF^  is  [ill] 
on  all  three  substrate  orientations.  This  is  mitigated  somev/hat  on  (110) 
CaF  , where  the  (HO)  line  of  S - PbF  has  an  intensity  equal  to  (HI). 
Reasons  for  this  behavior  are  not  clear.  The  degree  of  mismatch  be- 
tween the  lattice  parameters  of  coating  and  substrate  materials,  defined 
as 


Ad 


d,  , , (coating)  - d.,  , (substrate) 

-ilkl ! X 100% 

d,  , , (substrate) 
hkl 


is  about  8.  7 % for  corresponding  (100),  (HO),  and  (HI)  CaF^  and  SPbF^. 
On  (110)  CaF  , the  mismatch  with  (HI)  PbF  is  only  8.8%,  so  the  co- 
existence  of  (HI)  and  (HO)  PbF^  on  (110)  "^aF^  is  not  surprising.  How- 
ever on  (100)  CaF^,  the  mismatch  with  (HI)  PbF^  is  37%. 
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The  orientation  of  6 - films  on  SrF^  substrates  follows  sub- 

strate orientations  nearly  perfectly  in  all  three  cases  as  indicated  by 
the  data  of  tables  10,  11,  and  12.  This  is  not  at  all  surprising,  since 
the  mismatch  between  corresponding  planes  of  FbF^  and  SrF^  is  2.4% 
for  (100)  and  (110)  and  2.3%  for  (HI),  a - PbF^  occurs  on  the  ( ) 00) 
substrate  orientation  with  about  equal  (010)  and  (012)  orientations; 
mismatch  with  the  substrate  is  about  13%  while  that  with  8 - ^^F^ 

is  about  10%.  No  a-  (HO)  SrF^. 


The  presence  of  lead  oxide,  ^^2^3  (^^0)  PbO  on  (HI),  comes 

as  no  surprise.  It  tends  to  increase  the  refractive  index  of  the  films 
slightly,  but  probably  does  not  appreciably  increase  absorptance. 

The  relative  growth  rates  of  PbF^  on  (110)  and  (100)  SrF^  are  essen- 
tially equal,  with  the  rate  on  (HO)  being  slightly  greater.  The  slow- 
est growth  rate  is  on  (HI)  SrF^. 


Strontium  Fluoride  (SrF 


2'^ 


Strontium  fluoride  crystallizes  in  the  cubic  fluorite  structure  with 
space  group  Fm3m  and  lattice  parameter  a^  = 5.  800 A;  the  unit  cell 
contains  four  formula  units  of  SrF^.  It  was  found  previously  that 

SrF  films  deposited  on  single  crystal  CaF  substrates  took  on  very 

^ 13  . 

strong  preferred  orientations  following  the  substrate.  However,  its 

behavior  is  very  similar  to  that  of  0 - PbF^  deposited  on  CaF^  sub- 
strates. For  halfwave  thicknesses  of  SrF^  on  CaF^  at  design  wave- 
lengths of  3.  8 and  5.  3 |-im,  the  dominant  preferred  orientation  in  the 
thin  films  is  (HI).  For  the  5.  3 urn  films,  (100)  and  (110)  type  peaks 
are  of  very  low  intensity  on  the  corresponding  substrate  orientations, 
with  (HI)  always  strongest.  For  the  3.8  Urn  films,  the  (100)  and 
(110) -type  peaks  are  about  twice  the  intensity  of  the  (HI)  peaks. 
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iAX5i_r-  lu  . rv.esuits  oi  A-i'.ay  uiiir action  jcuay 


of  ^^^2 


Substrate  Orientation: 


2.  5°A(  100 


Film  Thickness:  5,  490  A ( X /4  at  3.  8 um) 

_ ..  . CuK  35kV.  18mA.  Ni  Filter 


Radiation: 


B 


Cird 

Obs 

Ref. 

d fA) 

6-0251 

2.957 

1.4816 

ASTM 


d (A) 


2.970 

1.485 


6-0288 


6 
1 

1.6407 

1.6040 


3.290 

3.222 

1.6445 

1.6101 


6-0262 


2.891 

1.4485 


2.  900 

1. 4499 
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TABLE  11.  Results  of  X-Ray  Diffraction  Study 
of  Pb  F_  on  Sr  F Substrate. 


Substrate  Orientation: 


2°  A ( 110  ) 


Film  Thickness: 


5490  A ( A /4  at  3.  8 urn) 


Radiation: 


CuK  35  kV.  18mA  Ni  Filter 


Diffraction  lines  corresponding  to  elemental  strontium  and  its  oxides 
are  found  on  all  substrate  orientations,  but  in  greater  numbers  and 
greater  intensities  on  (100)  and  (111). 


Thus  it  appears  that  the  preferred  growth  direction  of  SrF^  films  is 
[ill]  on  CaF^  substrates,  but  the  substrate  orientation  has  a variable 
influence  upon  this,  possibly  corresponding  to  substrate  temperature 
or  impurity  content  of  the  films.  Non- stoichiometry  and  the  presence 
of  oxygen  or  hydroxyl  groups  are  problematic,  as  observed  in  previous 
work.  No  difference  in  growth  rate  of  SrF  among  the  three  CaF 
substrate  orientations  was  found  in  the  present  work. 


Thorium  Fluoride  (ThF,) 

1 4_ 

Thorium  tetrafluoride  crystallizes  in  the  monoclinic  system  with  the 

9 

zirconium  fluoride  structure.  Two  unit  cells  of  slightly  different 

dimensions  have  been  reported  in  recent  entries  in  the  ASTM  card 

file.^^  These  are  a = 13A,  b =11.1A,  c =8.6A,  g = 126.  0°  and 

o o o 

a = 12.  9A,  b = 10.  93A,  c = 8.5sA,  6 = 126.4°,  with  space  group 
00  o 

C 2/c  and  cell  content  Z = 12  formula  units  of  ThF  . In  the  older 
9 4 

literature,  a body-centered  cell  (I  2/c)  was  chosen,  with  dimensions 
a = 10.  64il,  b = 11.  OA,  c = 8.  6A , g = 94°  50'  , Z = 12. 


On  (100)  CaF  , ThF  films  are  crystalline  with  nearly  equal  (270)  and 

(2l3)  preferred  orientations.  Mismatch  of  ThF^  (270)  with  the  (100) 

spacing  of  CaF^  is  approximately  11%;  mismatch  of  (213)  with  (200) 

CaF_  is  less  than  1%.  On  (110)  CaF  , ThF  films  are  microcrystal- 

line  (amorphous  to  X-ray)  with  subequal  diffuse  maxima  in  diffracted 

0 • 

X-ray  intensity  at  approximately  3.  8 A and  2.01A,  corresponding  re- 

14 

spectively  to  ThF  (220)  and  (103).  Mismatch  between  ThF  (220) 
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and  CaF^  (110)  is  1.6%  while  that  between  ThF^  (103)  and  CaF^  (220) 
is  4.8%.  On  (111)  CaF^,  ThF^  is  crystalline,  taking  a very  strong 
(321)  orientation,  with  one  weak  (332)  line.  Mismatch  between  CaF 

2 

(111)  and  ThF^  (32l)  is  approximately  9%  : that  between  ThF^  (332) 
and  CaF^  (222)  is  approximately  10%. 

These  results  are  in  general  accord  with  previous  work,  but  details  of 
the  preferred  orientations  differ.  This  is  not  surprising  since  overall 
behavior  remains  the  same:  ThF^  films  tend  to  adopt  a preferred  crys- 
tallographic orientation  leading  to  minimal  mismatch  with  a CaF^  sub- 
strate. Since  the  structure  of  ThF^  is  more  complex  than  that  of  CaF^, 
several  interplanar  spacings  may  lie  near  a given  CaF^  spacing.  The 
particular  orientation  adopted  by  the  film  may  then  depend  upon  other 
considerations  than  mismatch  across  the  film-substrate  interface,  e.  g. 
contaminants,  stacking  faults,  and  preferential  growth  directions  in  the 
film  material  itself. 

ThF^  coating  material  from  two  different  vendors  (Cerac  and  Balzers) 
was  deposited  on  SrF^  substrates.  Although  the  number  and  intensity 
of  diffraction  peaks  attributable  to  oxides,  oxyfluorides,  and  hydrated 
fluorides  of  thorium  differ  in  thin  films  deposited  using  raw  material 
from  different  vendors,  the  overall  structure  and  orientation  of  the 
films  is  remarkably  consistent. 

On  (100)  SrF^  the  strongest  coating  diffraction  line  for  Cerac  material 
is  attributable  to  hydrated  ThF^  with  an  observed  spacing  of  3.20l 
corresponding  to  a strong  (132)  preferred  orientation.  The  line  of 
secondary  intensity  is  attributable  to  ThF^  (252)  with  a spacing  of  1.  61A. 
Minor  amounts  of  amorphous  or  microcrystalline  material  with  spacings 
in  the  5 to  9A  region,  corresponding  to  ThF^  (200)  and  (110)  are  observed 


For  Balzers  ThF^,  the  coating  is  microcrystalline  with  primary  orien- 
tation near  (512)  with  an  observed  spacing  of  1.466.1  and  snbequal 
secondary  orientations  near  (103)  (d  = 2.004A)  and  (220)  (d  = 3.  80A), 
Mismatch  between  the  (512)  spacing  and  (400)  SrF^  is  1%  , that  between 
(103)  and  (220)  SrF^  (exposed  on  the  SrF^  (100)  surface)  is  2%,  and 
that  between  (220)  and  (111)  SrF^  is  13%. 


On  (110)  SrF  , comprises  predominantly  well  crystallized  mate- 

rial  with  a strong  (521)  orientation  (d  = 2.27A),  a mismatch  of  10.7% 
with  (220)  SrF^  for  films  fabricated  using  material  manufactured  by 
either  Cerac  or  Balzers.  Both  materials  show  minor  amounts  of  poorly 
crystallized  thin  film  with  spacings  corresponding  to  ThF^  (311),  (220), 
(030),  (312),  (32l)  and  (310).  Evidence  for  a substantial  amount  of 

« 

microcrystalline,  hydrated  ThF^  with  a spacing  of  approximately  3.48A 
was  observed  in  a pattern  from  one  coating  fabricated  from  Cerac  mate- 
rial. 


On  (111)  SrF  , ThF  from  either  vendor  is  crystalline,  taking  a strong 
(030)  orientation,  with  an  observed  spacing  of  3.697^,  a mismatch  of 
10.  3%  with  the  substrate  (111)  spacing  of  3.  35 A.  Material  with  a 
spacing  of  1.85A,  corresponding  to  (322)  ThF^  is  also  observed,  giving 
rise  to  a diffracted  X-ray  intensity  about  25%  of  the  (030)  line.  Minor 
amounts  of  hydrated  ThF^  with  a spacing  of  Z.ASk,  corresponding  to  a 
(151)  orientation  are  found  in  films  fabricated  from  Cerac  material, 
but  not  in  those  fabricated  from  Balzers  material. 

In  summary  of  ThF^  characteristics,  it  appears  that  the  material  may 
be  crystalline,  microcrystalline,  or  amorphous,  depending  upon  sub- 
strate type  and  orientation.  When  crystalline,  it  tends  to  take  an  orien- 
tation which  minimizes  mismatch  with  the  fluoride  substrate  spacing. 
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Hydrated  material  in  thin  film  form  is  more  common  when  Cerac  raw 
material  is  used.  Growth  rates  are  indistinguishable  among  the  three 
orientations  of  either  substrate  material. 

Aluminum  Oxide  (Al_O^K 

Although  Al^O^  may  crystallize  in  a multiplicity  of  forms,  we  shall  be 

concerned  only  with  the  common  form  known  variously  as  a - •^’2^3’ 

corundum,  or  sapphire.  The  structure  is  most  easily  visualized  as  a 

hexagonal  close- packing  of  oxygen  ions  with  small  metallic  ions  lying 

9 

in  some  interstices.  The  space  group  is  R 3 c and  the  structure  may 
be  referred  to  a primitive  rhombohedral  cell  having  a = 5.  IZsA,  a = 

55° 20'  and  containing  two  formula  units  of  A1  O . Alternatively,  it 
may  be  referred  to  a hexagonal  cell  having  a^  = 3.  763JI,  and  containing 
six  formula  units  of  A1  O . 

On  (100)  CaF^,  •'^2^3  crystalline  with  the  corundum  structure 

and  a very  strong  (018)  preferred  orientation.  A small  amount  of 
material  takes  a (1  2 10)  orientation  and  a minor  amount  of  micro- 
crystalline material  having  spacings  in  the  3 to  5 A region  is  observed. 
On  (110)  CaF^,  the  film  is  microcrystalline  or  amorphous  with  spacings 

9 

in  the  1.8  to  2.  lA  region,  corresponding  to  spacings  for  several  different 

form^.  of  aluminum  oxide.  On  (111)  CaF^,  AI2O2  are  largely  mi- 

crocrystalline  or  amorphous  with  spacings  in  the  5.9  and  7.  4A  regions. 

A single,  sharp  peak  at  a spacing  of  3.497^  corresponding  to  a -A1  O 

“2t  3 

(012)  is  of  low  intensity,  indicating  that  crystallinity  is  poorly  developed 
on  this  substrate  orientation. 

On  SrF^,  -^12^3  apparently  entirely  amorphous  to  X-rays  on  two  of 
the  three  substrate  orientations,  (100)  and  (110).  On  (111)  SrF^,  micro- 
crystalline material  predominates  with  a spacing  in  the  6A  region.  In 
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addition,  a single  weak  peak  at  3.69«  is  observed.  This  is  not  attrib- 
utable to  common  phases  of  A1  O , A1  (OH)  , AIF  , or  elemental  Al, 
or  to  the  SrF^  substrate.  On  both  Ca.F ^ and  SrF^  the  relative  growth 
rate  of  ■^2^3  slowest  on  (111)  and  equally  fast  on  (100)  and  (110). 

Magnesium  Oxide  (MgO). 

Magnesium  oxide  (periclase)  crystallizes  in  the  cubic  sodium  chloride 

structure  with  space  group  Fm3m  and  lattice  parameter  a = 4.  2 111. 

o 

Recently  reported  experimental  work  with  thin  films  of  MgO  on  amor- 
phous substrates indicates  that  the  preferred  growth  direction  is 
< 111  > , independent  of  substrate  temperature  and  deposition  rate. 

Our  results  on  oriented  single  crystal  CaF^  substrates  tend  to  confirm 
this  for  the  (100)  and  (110)  substrate  orientations,  but  not  for  the  (HI) 
orientation. 

On  (100)  CaF  , MgO  films  take  a strong  (111)  orientation  with  a slightly 

^ ° I 16 

expanded  (111)  spacing  (2.496A  as  compared  to  the  expected  2.431A.). 

A weak  MgO  (220)  peak  is  also  observed,  with  a 1.  506A  (near  nominal) 
spacing.  On  (110)  CaF^,  the  strongest  MgO  peaks  again  correspond  to 
(111)  and  (222),  with  (111)  having  the  expanded  spacing  observed  on  (100) 
CaF^.  The  (222)  spacing  has  the  nominal  value.  Peaks  corresponding 
to  (100)  and  (110)  MgO  are  also  observed,  with  intensities  20  to  33%  of 
the  (111)  intensity,  indicating  that  appreciable  fractions  of  crystallites 
in  the  MgO  film  are  oriented  in  these  directions.  Mismatch  of  (111) 

MgO  on  (100)  or  (110)  CaF^  is  about  9%,  as  is  (100)  MgO  on  (110)  CaF^ 
and  (110)  MgO  on  (100)  CaF^,  so  these  observed  combinations  are  not 
unexpected.  However,  the  mismatch  of  (110)  MgO  on  (110)  CaF^  is  23%, 
so  this  observed  orientation  is  unexpected. 

On  (111)  CaF^,  the  only  diffraction  line  not  attributable  to  the  substrate 
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corresponds  to  a spacing  of  3.50^,  which  is  not  identifiable  with  any 

known  spacing  of  MgO,  MgO  , Mg  (OH)  or  elemental  Mg.  However, 

^ ^ -17 

this  spacing  is  close  to  double  the  Mg  (OH)  (102)  spacing  of  1.794A 

f 18  ^ 

or  the  MgO^  spacing  of  1.700A.  Thus,  the  formation  of  a magnesium 
oxide  or  hydroxide  superstructure  in  the  thin  film  form  is  a possibility 
on  the  (111)  CaF^  surface. 

On  SrF^,  MgO  films  are  apparently  largely  amorphous  to  X-ray  and 

exhibit  stoichiometry  problems.  On  (100)  SrF^,  a weak  MgO  (111)  dif- 

« 

fraction  peak  occurs  with  the  nominal  2.43A  spacing,  in  addition  to  a 

o 

strong  peak  with  a spacing  of  3.22A.  This  is  almost  exactly  double  the 

19 

(110)  spacing  of  elemental  Mg  and  could  imply  formation  of  a Mg 
superstructure.  The  Mg  (200)  line  also  occurs  on  this  substrate  orien- 
tation. On  (110)  SrF^,  the  material  is  microcrystalline  with  spacings 

in  the  4.  5A  and  3.  sA  regions.  One  weak  diffraction  peak  at  2.266A  is 

12 

attributable  to  a-  MgF^  (222,  410).  On  (111)  SrF^,  the  material  is 
again  microcrystalline  with  spacings  in  the  5.9^  region. 

On  CaF^,  MgO  films  show  no  variation  in  refractive  index  with  sub- 
strate orientation,  but  different  growth  rates  are  observed.  The  growth 
rate  on  (100)  CaF^  is  fastest,  corresponding  to  the  strongest  (111)  pre- 
ferred orientation  in  the  MgO  film.  On  (110)  and  (111)  CaF^,  growth 
rates  are  about  equal  and  slower  than  on  (100),  corresponding  to  the 
poorer  preferred  orientation  and  formation  of  superstructures.  On 
SrF^,  both  growth  rates  and  refractive  indices  vary  with  substrate  orien- 
tation, greatest  index  and  fastest  growth  rate  occurring  on  (110),  slowest 
growth  and  lowest  index  on  (100),  intermediate  rates  and  index  on  (111). 
Material  on  (100)  OaF^  is  generally  crystalline  while  that  on  (110)  and 

(111)  is  amorphous  or  microcrystalline. 
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Silicon  Monoxide,  SiO . 


SiO  films  are  non-stoichiometric,  but  mechanically  and  chemically 
very  stable  and  can  be  used  as  excellent  coatings  for  the  infrared  region. 
They  are  nominally  amorphous  to  X-ray  and  electron  diffraction,  but 
weak  diffraction  peaks  corresponding  to  SiO^  or  elemental  silicon  are 
not  unexpected. 


On  (100)  CaF  , SiO  deposits  with  one  strong  tridymite  (unindexed)  peak 
^ X 20 

with  a spacing  of  1.  507A.  No  microcrystalline  material  is  evident 
on  this  substrate  orientation.  On  (110)  CaF^,  it  deposits  as  amorphous 
or  microcrystalline  material  with  spacings  of  the  order  of  1.9A,  also 
indicative  of  the  tridymite  phase  of  SiO^^^  and  of  elemental  silicon. 

On  (111)  CaF^,  SiO  deposited  as  amorphous  or  microcrystalline  material 

with  spacings  in  the  li  and  6.  z'k  regions  in  two  of  three  cases  studied. 

20  . 
In  the  third  case,  a very  strong  tridymite  peak  was  observed  at  3.49A, 

indicating  a strongly  oriented,  well  crystallized  deposit.  Minor  amounts 

e 

of  microcrystalline  material  with  a spacing  of  approximately  5.9A  were 
also  observed  in  this  film.  Growth  rates  of  SiO  are  fastest  on  (100) 

CaF^,  slowest  on  (110),  and  intermediate  on  (111). 


On  SrF^  (100),  SiO  films  are  amorphous  or  microcrystalline  with  spac- 
ings in  the  1.41  and  1. 46^  regions,  corresponding  to  the  tridymite  phase 
20 

of  SiO^.  On  (110)  SrF^,  SiO  films  comprise  both  microcrystalline 
and  well  crystallized  material.  Microcrystalline  material  has  spacings 
in  the  4^  and  2.28A  regions,  corresponding  to  tridymite.  On  (111)  SrF^, 
SiO  films  show  microcrystalline  material  in  the  4-9^  region  and  the 
3.  tA  region,  corresponding  again  to  tridymite.  Growth  rates  of  SiO  on 
SrF^  are  fastest  on  ( 100),  intermediate  on  (111)  and  slowest  on  (110). 


Zinc  selenide  crystallizes  in  the  cubic  S - ZnS  structure,  with  space 

* ® 1 0 2 2 
group  F 4 3 m and  lattice  parameter  5. 668 A.  ' A hexagonal  form 

9 9 

with  a^  = 3.  996A  and  c^  = 6.53A  has  also  been  reported,  although  the 
space  group  is  not  given,  the  structure  is  most  likely  similar  to  the 
a - ZnS  structure. 


On  both  (100)  and  (110)  CaF  , cubic  ZnSe  films  are  deposited  with  a 

23 

strong  (111)  preferred  orientation,  as  indicated  in  tables  13  and  14. 

Mismatch  of  (111)  ZnSe  with  (100)  and  (110)  CaF  is  20%  and  15%,  re- 

22  ^ 
spectively.  On  (111)  CaF  , ZnSe  is  deposited  in  the  hexagonal  form 

^ 23 

with  very  strong  (100)  preferred  orientation,  as  shown  in  table  15. 

On  the  latter  substrate,  several  very  weak  peaks  attributable  to  ZnSeO^ 
are  also  evident,  as  indicated  in  table  15.  Tables  13  -15  provide  a fair 
representation  of  the  ZnSe  structure  on  three  sets  of  CaF^  substrates. 
Growth  rates  of  ZnSe  on  CaF^  are  fastest  (and  essentially  equal)  on 
(100)  and  (110)  and  slowest  on  (111). 

This  growth  behavior  correlates  very  well  with  the  structural  and  ori- 
entational similarities  of  the  films  -on  (-iOO)  and  (110)  and  the  dissimilar- 
ity on  (111).  


On  SrF^  substrates,  the  tendency  toward  crystallization  of  ZnSe  in  the 
cubic  form  with  the  (HI)  preferred  orientation  is  again  seen  on  the  (100) 
and  (110)  substrate  orientations.  However,  peaks  attributable  to  zinc 
oxides,  hydroxides,  and  selenates  are  also  present  along  with  broad 
humps  in  the  diffractometer  traces  arising  from  microcrystalline  mate- 
rial with  spacings  in  the  3 to  4A  region  on  (110).  On  the  (111)  orientation 
of  the  SrF^  substrates,  hexagonal  ZnSe  is  again  evident,  but  with  a weak 
(103)  or  (105)  orientation  (rather  than  (100)  ).  In  addition,  large  amounts 
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TABLE  13.  Results  of  X-Ray  Diffraction  Study 


of  ZnSe  on  Ca.F^  Substrate. 
Substrate  Orientation:  0°  A ( 100  ) 


Film  Thickness: 10,950  ^ (X/2  at  5.3  itm) 

_ Cu  K 35  kV.  18  mA.  Ni  Filter 

Radiation:  a 


TABLE  14.  Results  of  X-Ray-  Diffraction  Study 

)n 

8°  A ( 110  ) 


of  ZnSe  on  Ca  Substrate. 


Substrate  Orientation: 

Film  Thickness;  10,950  A ( A /2  at  5.3um) 

r.ii  K 

Radiation: 


Cu  K 35  kV.  18  mA.  Ni  Filter 

a 


TABLE  15.  Results  of  X-Ray  Diffraction  Study 


of  ZnSe  on  Ca  Substrate. 


Substrate  Orientation:  A ( HI  ) 


Film  Thickness: 
Radiation: 


10,950A(A./2  at  5.3  um) 

CuK  35kV.  18mA.  Ni  Filter 

q 


a 

C.ard 

Ref. 

Obs 

• 

d LA) 

Obs 

I/I 

lao 

IHBI 

-4STM 

I/I 

IQQ 

h-ki 

I^otes 

Zn  Se 

15-105 

6.50 

n 

001  ? 

1 

3.490 

3.43 

100 

100 

Zn  Se  04 

20-1449 

4.84 

03 

4.94 

85 

oil,  111 

Zn  Se  04 

19-1476 

3.767 

02 

3.76 

35 

021 

3.616 

02 

3.645 

100 

111 

1.745 

06 

1.756 

02 

142 

1.576 

05 

1. 582 

02 

114 

1.163 

10 

1.  168 

02 

172, 314 

CaF, 

4-0864 

3.  151 

>100 

3.  153 

94 

111 

1.0515 

21 

1. 0512 

07 

511 

of  microcrystalline  material  with  spacings  in  the  5-7A  region  are  evident  I 

on  the  (111)  substrate  orientation. 

Growth  rates  of  ZnSe  on  SrF  are  fastest  and  about  equal  on  (110)  and 

(111)  and  slowest  on  (100).  This  behavior  does  not  correlate  well  with  ] 

I 

the  structural  data,  except  for  the  presence  of  microcrystalline  material 

on  (110)  and  (HI)  auid  its  absence  on  (100).  This  may  mean  that  more  j 

rapid  growth  is  associated  with  the  formation  of  films  having  a lower 

degree  of  long  range  order. 

Reasons  for  the  differences  in  the  coatings  on  SrF^  and  CaF^  substrates 
are  difficult  to  ascertain.  Apparently,  the  crystal  structure  of  the  coat- 
ings on  either  substrate  is  not  governed  by  the  substrate  structure  or 
orientation  for  the  deposition  conditions  employed  to  date.  The  predom- 
inant impurities  on  SrF^  appear  to  be  while  those  on  CaF^ 

appear  to  be  ZnSeO  , which  may  indicate  the  presence  of  small  amounts 
of  oxygen  during  deposition  in  the  latter  case.  The  hydroxide  would  im- 
ply the  presence  of  water  vapor  in  the  deposition  environment.  These 
differences  are  not  dependent  on  conditions  in  a single  coating  rvui,  but  i 

represent  results  of  at  least  three  coating  runs  on  each  substrate  mate- 
rial, or  a total  of  nine  samples.  ; 

Zinc  Sulfide  (ZnS). 

Zinc  sulfide  crystallizes  in  two  structures,  the  hexagonal  a-  ZnS  or 

Wurtzite  type  having  space  group  P6  me,  and  the  cubic  S - ZnS  or  ; 

^—10 

Sphalerite  type  having  space  group  F 4 3 m.  Both  structures  are 

based  on  tetrahedral  coordination.  In  the  cubic  phase,  zinc  atoms  are 

arranged  on  a face-centered  cubic  lattice  while  in  the  hexagonal  form 

they  fall  into  a distorted  hexagonal  close -packing.  Lattice  parameters  ; 


-36- 


1 


o • ^ . 

of  the  hexagonal  phase  are  a = 3.  820  A,  c = 250  A while  the  cubic  phase 

e 

has  a unit  cell  dimension  a = 5. 406  A. 

o 

Alternative  stacking  arrangements  in  the  c-axis  direction  of  the  hexag- 
onal phase  give  rise  to  several  polytypes  of  ZnS;  the  best  known  of  these 

o 

are  designated  8H  and  lOH,  with  c-axis  dimensions  of  24.  96  A and 

, 25 

31. 20  A,  respectively. 

On  CaF  substrates,  ZnS  deposits  in  the  hexagonal  (Wurzite  or  a-  ZnS) 

^ 25 

form,  yielding  diffraction  patterns  indicative  of  the  8H  polytype.  On 

(100)  and  (110)  substrate  orientations  the  film  orientation  is  predomi- 

e 

nantly  basal  with  spacings  of  approximately  3.  10  A,  or  slightly  smaller 

0 

than  the  nominal  3.  12  A spacing  between  successive  layers  of  Zn  or  S 

2 6 

atoms.  The  strongest  diffraction  peak  on  (100)  CslF^  corresponds  to 

• A 

a spacing  of  1.51  A,  less  than  half  of  the  3.  12  A fundamental  ZnS  spacing. 

27 

This  diffraction  line  is  attributable  to  a form  of  a-Zn(OH)2  with  a 

a 

spacing  of  1.511  A.  However,  the  absorption  results  to  be  presented  in 

the  next  section  do  not  justify  large  amounts  of  the  hydroxide  material. 

0 

It  is  thus  possible  that  the  1.  51  A spacing  corresponds  to  a basal  ZnS 

» 24,  25 

spacing,  considerably  smaller  than  the  nominal  1.56  A,  Minor 

diffraction  lines  on  the  (100)  substrate  orientation  correspond  to  (110) 
ZnS(8H),  at  1.905  A,  (300)  ZnS  (8H)  at  1.  102  A,  and  a - Zn  (OH)^  (03  1) 
at  3.  02  k. 

On  (110)  CaF^  substrates,  the  situation  is  somewhat  simpler,  the 

0 

strongest  peak  arising  from  the  (008)  spacing  of  ZnS  (8H)  at  3.  11  A. 

Lower  intensity  lines  arise  from  (10  10),  (10  13),  and  (110)  spacings 
of  the  same  material  at  1.979,  1.943,  and  1.  887  A (observed)  and  Wurtz- 
ite  (102)  at  2.24A.^^^  No  lines  attributable  to  zinc  oxides  or  hydroxides 
were  observed. 
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On  (111)  CaF^,  ZnS  again  deposits  in  the  hexagonal  form  with  a strong 
preferred  orientation.  The  strongest  diffraction  line  corresponds  to  a 
spacing  of  3.  477  A,  which  is  very  nearly  three  times  the  a- ZnS  (212) 
spacing  of  1.  16 1 A,  also  observed  on  these  substrates.  The  3.  477  A 
spacing  does  not  correspond  to  diffraction  lines  for  common  oxides, 
hydroxides,  sulfites,  sulfates,  or  fluorides  of  zinc  or  to  elemental  zinc 
or  sulfur.  In  fact,  the  only  (non-substrate)  diffraction  lines  observed 
with  this  substrate  orientation  are  at  3.  477  A,  1.161  A,  and  1.06  A,  the 
latter  attributable  to  a - ZnS  (213).  Hence  we  conclude  that  the  material 
takes  a strong  preferred  orientation  parallel  to  (212),  but  possibly  has 
developed  a superstructure  having  triple  the  (212)  spacing. 

Structural  n-.5smatch  criteria  between  the  substrate  and  film  do  not 
appear  to  govern  the  choice  of  structure  and  orientation  in  these  ZnS 
films.  These  criteria  would  predict  a cubic  (sphalerite  or  0 - ZnS) 
structure  for  films  on  CaF^,  with  a strong  preferred  orientation  paral- 
leling the  substrate,  since  the  structures  and  spacings  are  similar  to 
within  1%.^"^’  On  SrF^,  these  same  criteria  would  predict  a - ZnS 
on  all  three  substrate  orientations,  with  (101)  ZnS  paralleling  (100) 
SrF^,  (102)  ZnS  on  (110)  SrF^  and  (100)  ZnS  on  (111)  SrF^.^"^’ 

Some  of  these  relationships  are  in  fact  observed. 

On  CaF^,  the  growth  rate  of  ZnS  is  fastest  on  (HO),  intermediate  on 
(100)  and  slowest  on  (111),  exhibiting  no  obvious  correlation  with  the 
structural  data,  except  that  the  structure  is  simplest  and  preferred 
orientation  strongest  on  (110).  No  extraneous  lines  attributable  to  im- 
purities are  observed  on  (110),  but  they  are  observed  on  the  other  sub- 
strate orientations. 
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Results  of  X-ray  diffraction  investigations  of  ZnS  films  on  SrF^  sub- 
strates are  detailed  in  Tables  16,  17,  and  18.  On  (100)  SrF^  (Table  16) 
the  predicted  very  strong  (101)  orientation  of  the  a - ZnS  film  is  obser- 
ved. Mismatch  between  film  and  substrate  spacings  in  this  orientation 
is  9.  9%.  On  (110)  SrF^  (Table  17),  the  predicted  (102)  orientation  of 
a-  ZnS  is  observed.  Mismatch  in  this  orientation  is  11%.  Minor  lines 
corresponding  to  poorly  crystalline  material  of  the  lOH  polytype  of 
ZnS  are  also  observed  on  this  substrate  orientation;  none  of  these  cor- 
respond closely  to  the  substrate  spacing. 

On  (111)  SrF^,  the  predicted  (100)  a - ZnS  film  structure  ajid  orientation 

are  not  observed  (Table  18).  The  observed  orientation  of  the  ZnS  (lOH) 

polytype  corresponds  to  a mismatch  of  approximately  10%  with  the  sub- 
25  29 

strate.  ’ The  predicted  (100)  orientation  of  a - ZnS  on  (111)  SrF 

24,  29 

would  result  in  a mismatch  of  1.3%.  ’ 

The  growth  rate  of  ZnS  is  fastest  on  (110)  SrF^,  slowest  on  (100),  and 

intermediate  on  (111),  .rrelating  poorly  with  observed  structure  and 

orientation.  Slow  growth  of  the  strongly  oriented,  well  crystallized 

material  with  low  mismatch  on  (100)  SrF  is  quite  plausible,  but  the  j 

I 

rapid  growth  in  the  (102)  orientation  on  (110)  SrF^  is  difficult  to  recon-  i 

cile  with  the  slower  growth  of  the  lOH  polytype  on  (111),  where  both 
have  a 10%  mismatch  with  the  substrate  spacing  and  somewhat  disor- 
dered structure. 

4.  COATING  PROPERTIES 

The  coating  properties  of  interest  in  this  study  are  refractive  index 
and  absorption  coefficient  on  the  various  substrate  materials  and  ori- 
entations. In  order  to  determine  these  properties,  single  layer  films 
of  quarterwave  and  halfwave  optical  thickness  at  appropriate  wavelengths 
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TABLE  16 


Results  or  X-Ray  Diffraction  Study 
of  ZrxS  on 


3°  A(  100) 


Substrate  Orientation 
Film  Thickness:  5995  A(X/4  at  5«3um) 

i 1 . 

Radiation: 


CuK  35  kV.  18  mA.  Ni  Filter 
a 


TABLE  17.  Results  of  X-Ray  Diffraction  Study 


of  ZnS  on,  Sr  Substrate. 


0.8°A(  110) 


Substrate  Orientation:  

Film  Thickness:  5995X  (X/4  at  5.3gm) 

r.ii  K 

Radiation: 


Cu  K 35  kV.  18  mA.  Ni  Filter 
a 


Materia.! 


Card 

RsL 


Obs 

d 


I/I 


Obs 

‘lOO 


ASTU 

djA) 


I/I 


ASTM 

IQO 


hki 


^^otes 


a - ZnS 


Zn  S(IOH) 


Sr  F. 


5-0492 


12-688 


6-0262 


2.271 
1. 1337 

3.  113 

2.61 

2.469 

2.052 

1.0253 


100 

16 

06 

02 

01 

>100 

>100 


2.273 
1. 1364 

3.  12 

2.81 

2.49 

2. 0508 
1.0253 


29 

<01 

100 

02 

02 

80 

07 


102 

204 

0 0 10 
106 


220 

440 


1 

2 


1.  Very  broad  and  poorly  defined;  microcrystalline  or  amorphous  material. 

2.  The  (002)  spacing  of  elemental  zinc  is  2.473X,  and  is  thus  indistinguishable  from 
this  one,  within  experimental  error. 
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TABLE  18. 


Results  of  X-Ray  Diffraction  Study 
of  ZnS  on  SrF_  Substrate. 

Substrate  Orientation:  0°  A ( 1 11 ) 

Film  Thickness:  !?995  A(\/4  at  5.3  gm) 

Cu  K 35  kV.  18  mA.  Ni  Filter 
Radiation: a 


Ca.rd 

Ref. 

Obs 
d (A) 

Obs 

I/I 

100 

ASTM 

d (A) 

HH 

Notes 

ZnS(10H:) 

12-688 

3.6972 

100 

• • • 

• w * 

1 

1.8486 

16 

1.841 

02 

1 0 14 

1.2339 

13 

1.239 

04 

ni 

2 

Zn  S-  O^ 
2 4 

1-0162 

-5.9 

~50 

5.88 

100 

ni 

3 

2-0262 

3.336 

>100 

3.  352 

100 

111 

c 

1.6710 

86 

1.6743 

05 

222 

1. 1149 

60 

1.  1164 

16 

511 

1.  Not  Listed;  this  spacing  is  exactly  2 times  the  observed  ( 1 0 14)  spacing  of 

ZnS(lOH). 

2.  Other  materials  haijVing  similar  spacings  include  elemental  zinc  (004),  1.2 37 A and 

ZnO  (202).  1.  238  A. 

3.  Broad,  poorly  defined;  Microcrystalline  or  Amorphous  phase  v/ith  spacing  corr- 

esoonding  to  this  material.  
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(3.8  Mm  and/or  5.  3 pm)  were  deposited  on  one  surface  of  CaF^  and/ or 
SrF^,  substrates  having  nominal  (100),  (110),  and  (111)  orientations. 

Refractive  indices  were  obtained  from  infrared  transmission  measure- 
ments of  the  quarterwave  films,  while  absorption  coefficients  were  mea- 
sured on  the  halfwave  films.  Information  on  relative  growth  rates  was 
obtained  from  spectrophotometer  transmission  scans  of  the  halfwave 
coated  samples  in  the  visible  region  (600  to  800  nm),  as  reported  in  the 
previous  section.  Refractive  index  and  absorption  results  are  reported 
here,  with  footnotes  on  relative  growth  rates  of  the  films  added  for  pur- 
poses of  correlation. 

In  order  to  obtain  absorptance  values  (B  and  k)  for  halfwave  thicknesses 
of  coating  materials,  absorptances  for  the  uncoated  substrates  must  be 
known.  The  determination  of  the  absorption  coefficient  of  a coating  ma- 
terial on  a substrate  which  is  transparent  in  the  wavelength  region  of  the 
irradiating  laser  is  in  principle  quite  straightforward.  The  total  absorp- 
tion due  to  a coating  of  specified  thickness  is  obtained  as  a difference  in 
total  absorption  between  coated  and  uncoated  substrates.  Sequential 
measurements  on  the  same  substrate  are  utilized  to  obtain  either  a dif- 
ference in  absorption  between  coated  areas  or  a difference  in  absorption 
in  a single  location  before  and  after  coating.  The  former  method  has 
the  advantages  of  speed  and  ease  of  verification,  but  substrate  inhomo- 
geneity can  cause  difficulties.  In  the  latter  method,  substrate  inhomo- 
geneity is  eliminated,  but  verification  of  the  absorption  measurement 
on  the  uncoated  substrate  is  problematic. 

For  an  uncoated  transparent  substrate  irradiated  by  a laser  beam  in  a 

standard  adiabatic  calorimeter  configuration,  the  total  absorption  A 

• • u 30  ° 

is  given  by 
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A = 
o 


2n 

s 


2 


(1) 


where  n is  refractive  index  of  the  sample,  P is  power  absorbed  by 
the  sample,  and  is  the  power  transmitted  through  the  sample.  If 
the  masses  and  heat  capacities  of  the  sample  and  calorimeter  cone  are 
known  and  irradiation  times  are  held  constant  for  a given  series  of  mea- 
surements, the  absorption  is  proportional  to  the  ratio  of  output  voltages 
from  the  sample  and  power  cone  thermocouples. 

The  total  absorptance  calculated  from  (1)  includes  both  surface  and 
bulk  contributions.  The  absorption  coefficient  for  this  substrate  is 

e = A (2) 

o 

where  ^ is  the  sample  thickness;  again,  both  surface  and  bulk  contri- 
butions are  included.  If  a coating  is  subsequently  deposited  upon  such 
a substrate  and  a new  absorption  measurement  made,  the  total  absorp- 
tance takes  on  a value 


A = A + A (3) 

t o 1 

where  A^  is  the  increase  in  total  absorptance  due  to  the  coating  alone. 
For  the  case  o>f  a coating  of  halfwave  optical  thickness,  A^  can  be  eval- 
uated using  (1)  and  (3)  since  the  surface  reflectivity  of  the  coated  sam- 
ple is  identical  to  that  of  the  uncoated  substrate  and  the  parenthetical 
factor  involving  n^  in  (1)  remains  unchanged. 

To  obtain  an  absorption  coefficient  for  a coating  of  physical  thickness 

(3  1) 

tj  from  a measured  value  of  A^,  we  employ  a formula  of  Loomis, 
with  minor  rearrangement. 


] 
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(4) 


^ "l 

2t,  n 
1 o 


2 2 2 2 
(n  +n)  cos  cp+[n+(nn/n,)]  sincp, 
os  1 1 osl  1. 

2- 2 

n,  + n 
1 s 


where 


= film  refractive  index 


n = 


n 


substrate  refractive  index 
incident  medium  refractive  index 


'P, 


2 n t / 

1 1 o 


laser  wavelength  (vacuum). 


For  a single  coating  of  thickness  \^/2,  (4)  reduces  to 


, - hh 

'1  “ 2t,  n 
1 o 


(n  + n ) 

0 s 

2 + 2 
n,  + n 

1 s 


(5) 


The  absorption  index  of  the  thin  film  is  then 


*^1  = 


\ B, 

o 1 

4tt 


(6) 


Hence,  in  order  to  obtain  the  absorption  coefficient  and  absorption  in- 
dex of  a single  layer  coating  on  a transparent  substrate,  we  require 
only  the  refractive  index  of  film  and  substrate,  the  physical  thickness 

of  the  film,  and  two  absorption  measurements.  The  method  of  mea- 

32,  33 

suring  the  absorption  has  been  discussed  in  the  literature.  ’ 


The  spectral  composition  of  the  irradiating  laser  has  been  shown  to 
be  a significant  variable  in  absorptance  measurements  at  CO  laser 
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wavelengths.  In  order  to  verify  the  spectral  output  of  both  the 


32,  34 


CO  and  DF  lasers  employed  in  the  present  measurements,  spectra 
were  analyzed  using  a Jarrell-Ash  Model  78-466  scanning  spectro- 
meter with  a 50  groove/mm  grating  blazed  at  10.  0 pm  and  a Ge;Au 
detector.  Spectra  for  the  CO  laser  have  been  reported  previously, 
with  centroids  varying  from  5.25  |im  to  5.45  |um,  depending  upon  CO 
partial  pressure.  In  the  present  study,  with  operating  parameters  typ- 
ical of  those  employed  in  the  calorimetric  measurements  (i.  e.  6 mm 
intracavity  iris,  total  output  power  ~ 2.  8 W),  the  mean  centroid  of  two 
spectra  run  with  identical  parameters  was  5.29  ^ .04  pm,  with  a band- 
width of  0.  57  -0.1  |um. 


A typical  output  spectrum  for  the  CO  laser  is  illustrated  in  Figure  1. 
Table  19  is  an  attempt  at  quantitative  characterization  of  the  spectrum. 

In  this  table,  the  first  column  gives  the  wavelength  of  individual  lines 
as  measured  with  the  spectrometer  (in  air).  "Line  Identification"  (col- 
umn 2)  is  obtained  by  comparison  with  published  data.  In  the  third  col- 
umn, the  mean  intensity  of  each  line  is  divided  by  that  of  the  strongest 
line  (7-6,  P(16)),  to  obtain  a relative  intensity  scale  for  plotting  in 
Figure  1.  The  fourth  column  gives  the  mean  intensity  of  each  line  di- 
vided by  the  summed  intensity  of  all  measured  lines.  The  tabulated 
number  is  the  fraction  of  laser  power  in  any  line.  The  fifth  column, 
headed  |aI  | is  the  standard  deviation  of  the  relative  intensities  from 
which  column  3 was  prepared.  This  is  divided  by  the  sum  of  intensities 
and  tabulated  in  the  sixth  column  to  indicate  the  variability  of  a given 
line  as  a fraction  of  the  laser  output. 

The  DF  laser  spectrum  was  also  analyzed  in  some  detail  since  the  actual 
output  of  the  laser  in  use  in  the  calorimetry  laboratory  had  not  been  char- 
acterized previously.  The  same  spectrometer,  grating,  and  detector 


-46- 


Strong  Lines  I Intermittent  Lines 


Fig.  1.  Mean  CO  Laser  Spectrum  For  Z Runs  With  Identical  Operating  Parameters 


TABLE  19.  Mean  CO  Laser  Spectrum  for  2 Runs  with 
identical  Operating  Parameters.  Mean  centroid  < \ > is 
at  5.  286  ± 0.  04  Hm.  Mean  Bandwidth  is  0.  57  lam  . Out- 
put power  is  ~ 3w,  with  a 6 mm  diameter  intracavity  iris. 


X (Mm) 

Line  Ident. 

i/!i 

I/EI 

■1 

uri/zf 

5. 1220 

6-5,  P(15) 

0.  052 

0.012 

5. 1329 

6-5,P(16) 

0.  030 

0.  007 

5. 1431 

6-5.P(17) 

0.292 

mm 

0.071 

0.  017 

5. 1895 

7-6,P{15) 

0.  038 

0.054 

0.013 

5. 1999 

7-6,  P(16) 

1. 000 

0.  000 

0 

5.2110 

7-6,P(17) 

0.420 

H 

0.  303 

0.073 

5.2580 

8-7,P(15) 

0.054 

0.  013 

0.  076 

0.018 

5.2806 

8-7,  P(17) 

0.412 

0.099 

0.  112 

0.027 

5.3183 

9-8,P(14) 

0.854 

0.  205 

0.  130 

0.031 

5. 3907 

10-9,  P(  14) 

0.050 

0.  012 

0.071 

0.017 

5.40125 

10-9, P(15) 

0.  169 

0.  041 

0.  115 

0.  028 

5.4130 

10-9, P(16) 

0.  031 

0.  007 

0.  044 

0.011 

5.4644 

11-10,  P(14) 

0.223 

0.054 

0.  315 

0.076 

5.4888 

11-10,  P(16) 

0.043 

0 010 

0.  061 

0.015 

5.5173 

12-11,  P(12) 

0.020 

0.  005 

0.028 

0.007 

5.5287 

12-11,  P(13) 

0.044 

0.011 

0.063 

0.015 

5.5408 

12-11,  P(14) 

0.062 

0.015 

0.088 

0.021 

5.5948 

13-12,  P(12) 

0.  090 

0.022 

0.  127 

0.030 

5.6304 

13-12,  P(15) 

0.022 

0.  005 

0.031 

0.007 

5.6868 

14-13,  P(13) 

0.012 

0.  003 

0.0017 

0.004 

5.6976 

14-13,  P(14) 

0.064 

0.015 

0.023 

0.006 

5.8394 

16-15,  P(12) 

0.014 

0.003 

0.020 

0.005 
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employed  with  the  CO  laser  were  used  to  einalyze  the  DF.  Typical  oper- 
ating parameters  for  calorimetric  measurements  were  used.  These  in- 
clude a helium  partial  pressure  of  ~4  Torr,  with  about  1.2  Torr  each 

of  SF  and  D , and~0.  1 Torr  of  0_  for  a total  of  6-8  Torr.  The  dis- 
6 2 ^ 

charge  tube  is  operated  at  a voltage  of  ~13kV  and  current  of  ~450  mA 
to  produce  2-4  W total  power.  Cavity  temperature  is~65°C.  Seven 
spectra  were  run  over  a three-day  period  and  the  results  averaged  to 
obtain  a composite  spectrum,  presented  in  Figure  2 and  Table  20. 

In  general,  it  appears  that  the  overall  spectrum  is  very  stable  with  re- 
spect to  centroid  (~3.9  l^m)  and  bandwidth  (~0.  3 |-im),  but  individual 
lines  are  highly  variable.  Table  20  is  an  attempt  at  quantitative  char- 
acterization of  this  aspect  of  the  spectrum.  In  this  table,  the  first  col- 
umn gives  the  wavelength  of  individual  lines  as  measured  with  the  spec- 
trometer (in  air).  "Line  Identification"  (column  2)  is  obtained  by  com- 

17  18  - 

parison  with  published  data.  ’ Column  3 (1)  gives  the  mean  rela- 
tive intensity  of  each  line.  The  tabulated  number  was  obtained  by  first 
determining  the  intensity  of  the  line  in  question  in  each  of  the  seven 
spectra,  relative  to  the  strongest  line  in  that  spectrum  taken  as  1.0, 
and  then  averaging  the  results  over  all  seven  spectra.  (If  a line  was 
absent  from  a particular  spectrum,  its  intensity  was  counted  as  0.) 

The  mean  relative  intensities  in  column  3 of  the  table  were  divided  by 
the  sum  of  all  of  the  mean  intensities  to  obtain  the  fraction  of  the  total 
laser  energy  in  any  given  line,  listed  in  the  fourth  column.  The  fifth 
column,  headed  "A  I " gives  the  standard  deviation  of  the  mean  relative 
intensities  in  column  3.  This  is  divided  by  the  sum  of  the  intensities 
to  determine  the  variability  of  a given  line  as  a fraction  of  the  total 
laser  output  and  tabulated  in  the  sixth  column.  In  the  seventh  column, 
the  mean  relative  intensity  of  each  line  is  divided  by  that  of  the  strong- 
est line  (2-1,  P(10)  ),  to  obtain  a relative  intensity  scale  for  plotting 
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DF  LASER  SPECTRUM  COMPILED  FROM  7 RUNS  OVER 


TABLE  20.  LF  Laser  iipecfrmri  riompile^l  from  7 Runs  on  3 Daya.  Mean  ConlroitJ  < X.  > of  All  Spectra 

is  3.89  1;  .025  pnu  Mean  Mamlwidth  of  All  Spectra  is  0.297  pm  + 0.  02H  pm.  For 
Individual  Lines.  Tabulated  X May  Vary  by  ± 0.0007  pm  From  Run  to  Run. 


in  Figure  2.  Note  that  this  number  is  also  the  fraction  of  total  laser 
energy  appearing  in  an  individual  line,  relative  to  the  strongest  line  in 
the  composite  spectrum.  Finally,  the  last  column  of  the  table  desig- 
nates the  number  of  spectra,  (out  of  a total  of  7)  in  which  an  individual 
line  had  non-zero  intensity. 

Results  of  the  coating  absorptance  measurements  carried  out  to  date 
under  the  contract  are  presented  in  Tables  21-24,  along  with  refractive 
indices  determined  from  quarterwave  films.  The  absorption  coefficient, 
B,  is  tabulated  rather  than  the  absorption  index,  k,  for  convenience. 

The  absorption  index  can  of  course  be  obtained  from  the  S values  using 
equation  (6). 

All  values  tabulated  here  differ  from  those  presented  in  the  previous 

quarterly  report  (May,  1977)  as  a result  of  recalculation  using  the  pro- 
35 

gram  of  Loomis  for  a single  layer  film  on  the  exit  surface  of  a trans- 
parent window  and  correction  of  an  error  in  the  original  calculation 
using  equation  (5). 

Some  general  features  of  the  data  are  worth  noting.  It  appears  that  the 
coating  materials  fall  into  three  broad  groups,  based  on  absorption; 

(1)  those  having  3 values  between  ~ 1 and  ~7  cm  , (the  low  absorption 
group);  (2)  those  having  3 values  between  ~9  and~20  cm  ^ (the  inter- 
mediate group);  and  (3)  those  having  9 values  of  20  cm  ^ or  more, 
ranging  up  to  100  cm  ^ (high  absorption  group). 

The  sum  of  the  standard  deviation  of  the  absorption  measurements  on 
the  uncoated  and  coated  substrate  is  a measure  of  the  precision  of  the 
coating  absorption  determination.  Since  this  determination  involves 
the  subtraction  of  two  numbers  with  similar  errors,  the  precision  of 
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TABl£  23.  ABSORPTION  COEFFICIENTS  OF  FLUORIDE  COATING  MATERIALS  MEASURED 
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TABLE  24.  ABSORPTION  COEFFICIENTS  OF  OXIDE.  SELENIDE,  AND  SULFIDE  COATING 
MATERIALS  MEASURED  BY  CO  LASER  CALORIMETRY  ON  COATINGS  OF  HALF- 


i 

i 


I 

1 
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the  results  will  vary.  The  error  in  the  coating  absorption  determination 
for  the  low  absorption  group  is  of  the  order  of  10  to  15%;  that  for  the 
intermediate  and  high  absorption  groups  is  3 to  5%. 


1 

J 

; In  general,  differences  among  materials  are  greater  than  differences 

j among  substrate  orientations  for  the  same  coating  material.  However, 

differences  among  substrate  orientations  for  the  same  coating  may 
amount  to  factors  of  2 to  4 (e.  g.  ZnSe  on  SrF^  at  3. 8 pm.  Table  22,  or 
on  CaF^  at  5.  3 pm.  Table  24).  Structural  and  growth  rate  data  are  now 
available  for  establishing  correlations  among  these  properties.  This 
will  be  carried  out  during  the  final  phase  of  the  effort. 

5.  FUTURE  PLANS 

The  most  critical  tasks  required  to  complete  the  contract  include: 

(1)  3L  vs.  1j  measurements  on  PbF  , ThF  , and  SiO  films  for 
halfwave,  fullwave,  and  one  and  one-half  wave  thicknesses 
at  3.  8 pm; 

(2)  Optimization  of  deposition  conditions  for  ZnS  and  ZnSe  ; 

(3)  Deposition  and  characterization  of  AR  coatings  on  single 
and  polycrystalline  substrates: 

(4)  Tests  to  establish  the  tolerance  of  A1  0_,  PbF_,  ThF^, 

2 3 2 4 

ZnS,  and  ZnSe  films  to  an  HF  environment. 

(1),  (3),  and  (4)  have  been  initiated  at  this  point  in  time.  A first  round 

of  BD  vs.  L measurements  has  been  carried  out  with  PbF^  films  on 

CaF  (111)  substrates  at  a design  wavelength  of  5.3  pm.  These  exper- 
^ - 1 

iments  yielded  a B value  of  0.  26  cm  for  the  coating  material  and  an 

-4 

absorptance  of~l  x 10  for  the  "coated  surface"  of  the  substrate. 
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This  3 is  quite  encouraging  and  the  technique  shows  promise  for  iso- 
lating the  absorptance  of  the  coating  material  itself  from  that  of  the 
substrate/coating  interface  and  the  coating/air  interface.  Hence,  we 
plan  to  carry  out  such  measurements  for  three  of  the  most  promising 
coating  materials  deposited  on  three  substrate  orientations. 

Three  samples  comprising  ThF^/SiO  AR  coatings  on  single  crystal 
CaF^  substrates  1.52  in.  in  diameter  have  been  fabricated,  character- 
ized, and  submitted  to  John  Detrio  of  UDRI  for  damage  testing.  Fab- 
rication and  characterization  of  other  designs  on  single  and  polycrystal- 
line substrates  will  continue  in  the  final  phase  of  the  effort. 
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